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SUMMARY 
The character of the E
2
C transition state has been studied 
with respect to charge development, double bond development and 
atomic arrangement about ca and c~. 
The properties of the E
2 
C transition state determined by this 
work were consistent for an E
2
C -
suggested by Winstein and Parker. 
E
2
H spectrum of transition states 
The results for E C 'like' ~-
2 
elimination reactions were as anticipated from the description of the 
E C 'like' transition state initially proposed by Winstein and Parker. 
2 
Several systems were analysed to elucidate the various properties 
of the transition state. This was achieved by comparison of the behaviours 
of the E
2 
C 'like' transition state, SN 
2 
transition state, solvolysis 
transition state and E
2
H transition state to parallel changes in a and ~ 
substituents. 
The rate constants and olefinic product distributions for dehydro-
bromination of l-bromo-1-R propane promoted by NBu
4
Br in acetone 
was compared to the SN
2 
substitutions of the same compounds with 
NBu4 Cl in DMF, the solvolysis of the same materials in acetone-water 
solvent mixtures and the E H dehydrobrominations promoted by KO-tBu 
2 -
in .!__-butanol. Hammet p - a+graphs were constructed for the E
2 
C 'like 1 , 
SN2 and solvolysis reactions of the l -bromo-1-R propanes. The p values 
determined_ indicated the E 2 C 'like' transition state to have only slight, 
+ if any, positive charge at Ca. The Hammett p - a graph for the SN
2 
transition state produced the normal U shape curve for SN
2 
reactions 
at benzylic carbon atoms. 
The same form of treatment was applied for E
2
C 'like', SN
2
, 
E
2
H and solvolysis reactions of 2-bromo-1-R propanes. The Hammett 
p - a graphs for these reactions, together with an examination of the 
kinetic results, indicated that there was very little, if any, negative 
charge development at C in the E C 'like' transition state. 
~ 2 
Olefinic product distributions resulting from E
2 
reactions of 
several substrates were measured so as to show the extent of double 
bond development in the E
2
C 'like' transition. The trans:cis olefin ratios 
were used to show that there is conside rable double bond d e velopment 
in the E C 'like' transition state by assuming that the trans i t ion sta t e 
2 
was olefin like if the olefinic product distributions resembled the 
(xiv ) 
equilibrium proportions. This assumption was shown to hold for simple 
alkyl substrates but deviations were found when unsaturated a or (3 
substituents were bonded to Ca or Cf3. On the basis of kinetic evidenc e , 
it is suggested that conjugation of p orbitals in the reaction centre of 
E
2
C and SN
2 
transition states with unsaturated a or (3 substitue nts does 
not occur. 
An analysis of the leaving group tendencies in E C 'like' 
2 
elimination reactions indicated a large degree of C -leaving group 
a 
bond breaking in the E
2
C 'like' transition state; which agrees with the 
findings of Bunnett and Cromwell. The existence of large London 
dispersion force attractions between vicinal polar substituents in cis and 
trans-1, 2-disubstituted cyclohexanes was demonstrated and found to be 
of the order of 5-6 Kcals/mole for vicinal bromine groups. 
A full description of the E
2
C - E
2
H spectrum of transition 
states proposed by Winstein and Parker is provided as well as the 
critical evidence leading to such a proposal. A resume is also given 
describing the predicted movement within the E C - E H spe ctrum 
2 2 
for variations in base, leaving groups, a and (3 substituents and solvent. 
INTRODUCTION 
Into the garden I brought it to read 
And under the arbute and lauristine 
Read it, so help me grace in my need, 
From title -page to closing line. 
Chapter on chapter did I count, 
As a curious traveller counts Stonehenge; 
Added up the mortal amount; 
And then proceeded to my revenge 
Sibrandus Schafnabur gensis 
Robert Browning 
1 
TRANSITION STATE CHARACTER IN E REACTIONS 
2 
Many carbon compounds uncle r g o elimination reactio n s. An 
obvious statement which poses several questions. What are elimination 
reactions? How do they happen? Why do they exist? And when do the y 
occur? The search for answers to these questions has extended throu g h 
decades, but even now questions remain unanswered. The discussion 
of all these topics is of interest but the subject is too vast to be fully 
discussed within this text. If a chemist is so fortunate as to provide 
a solution to only part of one of the above topics, then surely he is a 
privileged scientist. Many chemists are responsible for development 
of an under standing of elimination reactions. Few are more revered 
1-3 4 
than Hughes and Ingold In more recent times Bunnett has made 
a substantial contribution. Their ideas were naturally challenged 
d · h · · d 7 - 9 ' z 8 H h b . f d . f ur1ng t 1s per10 owever, t e as1c oun ation o a 
mechanistic approach to bimolecular ~ elimination reactions was 
laid down by H1:1ghe s and Ingold, and the cons true tion continued 
4-29 
by others 
2 
E l j r n i n a Li on r e a c t ion s r c pr c s c n t the 111 a Jo r Hy of n1. e tho d s 
by \vh ich unsaturation is jn_troducccl into org ;i.. nic n1ol cule s . Due to the 
j 1 n po r tan c e o .f o le f i n i c ca r b o n c o rn po u n d s , i t i s e s s e n t i ,11 L h c.L L o r g an i c 
cberni sts fully understand the mcchanisrns of tLc rncth ods used to 
obtain all enes . An excellent trcatn1ent o f all n1ethods of performin g 
.24 
eli1ninaUon reactions has been cornp ~led ar,d edited by Pa1a1 • 
This thesis is l i1njted to a discus sion of bimolecular ~-
elimination reactions as carried out in hon1o geneous solvent-solute 
sys terns , as r epresented in eqn (]) . If a synthet ic o rgan ic chemist 
a c qui r c s a corn pl etc u n d c r s tan d j n g of the 1n e ch an i s m of b im o le cul a r 
~-elim5 nation r eactions , it will a llo\v him to predict the olefini c 
pro du c ts o f an e l im in a ti on r ea c ti o n and al s o syn the s i s e al k. e n c s \V h i ch 
a r e oth e rwise unobta inable . 
-Y + H - C R p - C R oC 
- X ) y - H + CR = R+X 
..... eq n. _ { 1 ) 
Th e extensive studies of the mechanism of ~ elimination 
1-3 
r eactjons first performe d by Hughes and In go ld and later re vie\ved 
4 5 6 by Dun.nett , Saund e rs and Banthorpe were very thorou gh and 
s earching . Their conc lusions b es t r e pr esented the kno\vn experimental 
d ata . Unfortuna tely , the experimental examinations were almost 
u niversally limited to e liminatio n r eac tions promoted by strong hydr ogen 
b ases in a l coholic solvents , e . g . sodium ethoxide in ethanol 
3 
( NaOEt/E tOH) and potassium_!-butoxide in _L-butano l ( K O-..!_- Bu . / .!__-BuO H) . 
These r eviewers reco gnised a spectrum of tr ansition states 
i n which th e re \Vere t\VO m ain variable properties -
( 1 ) 
( 2 ) 
Non synchronisation of bond b r eaking and bond forrning, 
Variable double bond formation \ Vi thin the spectrur~1. 
Excellent correlation between theory and results was obtained 
4 
for the reactions of alkoxide bases in alcoholic solvents . There were 
inadequacies in the spectrum proposed and these were recognised and 
expounded by Winstein 7 ' 8 . Winstein was at first uncertain of the nature 
of the changes required. After further consideration Parker and 
"\Vinstein sugges ted that a third dimension should be added to the 
9-13 
spectrum . They suggested that for elimination reactions promoted 
by strong carbon nucleophiles which are weak hydrogen bases, varying 
de grees of interaction of the base with C should be incorporated in the 
a 
spectrum of transition states. 
B 
4
a d h 1· "d f W · · 7 ' 8 · h unnett treate t e ear ier i eas o instein wit 
4 
scepticism. However, Bunnett highlighted the problem of a mechanistic 
approach to bimolecular elimination reactions when he considered changes 
in base strength and how they might affect movement through the spectrum. 
"No prediction is ventured, because of uncertainty as to what 
measure of base strength to heed and as to whether a stronger base 
would call for a transition state with increased or decreased C-H rupture". 
Credit must be given to Bunnett for his criticism of theories 
d f b . 1 4 , 14 f h h . 1 . propose rom am iguous resu ts , or e as certain y inspired 
h h · 1 · h · h f l . .7d- 1 3 , 1 5 -2 9 ot er p ysica organic c. emists to searc or more cone usive ev1 ence . 
The purpose of this thesis is to attempt to describe the 
character of the E
2
C transition state v9 - 13 and examine the proposal 
that there is interaction of the base ( or nucleophile) with C in the 
a 
transi tion state spectrum for f3-elimination reactions. It is not intended 
4a 
to replace the spectrum de scribed by Bunnett but to add a third 
dime nsion to the spectrum. No one experiment has elucidated this 
problem and it is only by a detailed analysis of current and previous 
results that the position may be clarified. 
B Transition State Spectra for ~-Elimination Reactions 
( a) Elimination Reactions Promoted by Strong Hydrogen Bases: 
The description of the spectrum of transition states recog -
nised as applicable to elimination reactions promoted by strong hydrogen 
4-6 
bases is well documented , e.g. alkoxides in alcohols . 
This is represented in structures I, II and III which vary 
- B B B~ 
' 
l 
' 
t 
' H H H . 
' + 
I 
' :~- ./ I , ' v ,. / /c~ .. ··~,z-c~c~ c~c :--.. 
/ /1 i o(. / fl 1 0C I I 
. I X Xr X 
I 
I II IlI 
paene carbonium central E2 paene carbanion 
m ainly 1n non - synchronous bond breaking and bond form~ng . 
The c hara.cteristics of each of th ese transjtion sta es arc : 
( I) The C - X bond is we 11 broken and far ahead of C - H 
Q 0 
b ond breaking . There is little B-H b.:>nd formation , considerable 
n egaUve charge on X and B , c onsiderable po si tive charge on C and 
Q 
o n l y s l ight do u b 1 e bond f o rm at ion . Thi s ext :rem e st r 11 c i u re close 1 y 
r esembles the transition state fo r the E 
1 
mechanism 4 . 
( II) A ll bonds are e q ually broken , o r equally formed , \vitl-1 s1naJl 
n egative c harge at c0 and small positive charge at Ca . Within this 
str ucture it \~'as r ecognised
4 
that there could be varying degrees of 
d ouble b0nd formation . 
( III ) T he Ca- X bo d 1s only slightly broken and far behind tl e Cf3-H 
bon d breaking . There is almost c omplete B - H bond forn1ation , 
considerable negative charge at c
0 
and little double bond formation. 
(b) Eli1nination Reactions promoted bv veal- H bases which are 
s tron~ C n _1 cleo-:>hilc s 
This class of reaction has been extensi\·ely studied by 
W ins t e in and Parke r 9 -
1 3 
, Kev i 11 and C r om \Ve 11 1 5 and more re c e n t 1 y 
14 16 
b y others ' . The remaTkable facet of this collection of \Vork is the 
d is a gr e em c n t be t, 'e en au tho r s a s to \V hi ch tr an s i ti o n s tat e s tr u c l r e 
i s uUlis..,d by these elimination reactions . 
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Kevill and Cromwell prefer the earlier merged mechanism 
proposed by Winstein 7 ' 8 . This has been discarded by Winstein and 
Parker 9 , 11 , who now prefer the spectrwn of transition states I - V 
in figure 1 as representative of the spectrum utilised by ~-elimination 
reactions. 
For ~-elimination reactions which Winstein and Parker would 
4 16 
classify as E
2
C 'like' (IV) Bunnett and McLennan suggested that 
they utilise a paene-carboniwn structure ( I) which would fall within 
Bunnett' s spectrum and not require C -Y interaction. More rece ntly 
a 
Bunnett14 has suggested a structure more like II which has a lar ge 
degree of double bond character, which again does not require C -Y 
a 
interaction. 
The characteristics of the proposed transition states 1n 
figure 1 are -
4 
I - III, essentially the same as described in Bunnett's 
spectrum and there is no interaction between Y and C . 
a 
V. There is a well developed double bond, well broken C -X 
a 
and C~ -H bonds and interaction between Ca and Y. Y and X carry 
considerable negative charge and H considerable positive charge. It 
is unreasonable to propose that there would not be at least an electro-
static interaction between Y and H, let alone some covalent bonding , 
since they both carry almost full charges. 
IV can be termed as E
2 
C' like' or E
2 
H 'like', depending upon 
where, for a specific case, the transition state lies in the spectrum. 
Winstein and Parker believe, in general, that no ~-elimination reactions 
lie at either the E 2 H or E 2 C extremes and IV, varying between II and V, 
best represents the known experimental data. It is only possible to 
suggest that one elimination reaction is more E
2
H 1like' or more E
2
C 
'like' than another elimination reaction. 
It seems inevitable that the controve rs y over inclusion of 
C -Y interaction in the transition state spectrum will continue for some 
a 
time. It seems undesirable to enter this controversy, but unfortunately 
it is not possible to study the mechanism of ~-elimination reactions 
without forming an opinion either ,Nay. Consideration of all evidence 
available, most of which has not been published, suggests to me that 
.. 
7 
I 
J 
I: 
I 
I 
8 
C -Y interaction does take place in E transition state. 
a 2 
It must be emphasised, however, that this thesis was not 
designed to prove the existence of an E
2
C 'like' transition state. The 
intention was to study the character of the transition state utilised, 
with respect to charge distribution, bond formation and bond breaking 
by comparison with transition states of known character. No compre-
hensive review of the data available has been published, therefore a 
summarised version of the case for inclusion of C -Y interaction as 
a 
part of the transition state spectrum will be presented. 
( c) The Merged Mechanism 
Results obtained by Winstein7 evealed inadequacies of the 
4 Bunnett spectrum of E
2 
transition states to explain certain kinetic 
effects. It was found that bases which were weak H bases but strong C 
nucleophile s ( e. g. Cl - , Br - , PhS-) produced significant arnounts of 
olefin ( see eqn. ( z)) more rapidly than stronger H bases (e.g. t-
butoxide). Winstein 7 ' 8 considered it necessary to invoke C -Y 
a 
interaction in the transition state and the structure he proposed as an 
intermediate VI was considered the partition to SN
2 
and E
2 
products, 
thus the "merged mechanism". 
RCH CHXR + Y 
1 2 2 
y 
R1' : H 1cH-c/ 
2 : ' : R 
/ merged 
x 2 
intermediate 
RCHCHYR 
1 2 2 
RCH=CHR 
1 2 
15 26 His initial proposals were supported by several workers ' . 
VI can be likened to the SN transition state where C 1s Sp2 
2 a 
hybridised and Y and X are perpendicular to the plane of C . 
a 
Winstein' s 7 ' 8 structure VI was applied to dehydrotosylation 
reactions ( loss of .E_-toluene sulphonic acid from a carbon skeleton) of 
cis and tran~-4-_!-butyl cyclohexyl .E_-toluene sulphonate, promoted by 
halide ions in acetone and t- butanoL 
Winstein and Parker 11 ' 23 later rejected the "merged 
mechanism" after application of two test cases -
( a) the chloride ion promoted dehydrochlorination of erythro and 
threo-3-.2-anisyl-2-butyl chloride in acetone in the presence of 
2, 6-lutidine, 
( b) the chloride ion promoted dehydrochlorination of menthyl 
chloride and neomenthyl chloride in acetone in the presence of 
2, 6-lutidineo 
The reasoning applied was that in reactions ( a) and (b) above 
the intermediate ( VI) should be symmetrical, i.e. the asymmetry 0£ 
C in the ground state should be destroyed.F~ each isomer in either 
a 
( a) or (b) the intermediate should therefore be identical, i.e. each 
9 
isomer should give the same olefinic product distributions. This 
criterion was not fulfilled as the product ratios were different. Therefore 
VI was rejected. 
In fact the eliminations were found to be the most stereo-
spec ific anti elimination reactions known. The merged mechani~m 
h b f h d . db h . d 1 . "d 17' 20-22 as een urt er 1sprove y ot er ster1c an e ectron1c ev1 ence . 
It is of academic interest to note that it satisfied all known experimental 
data at the time of proposal. 
If the evidence is analysed with respect to the E
2 
C - E
2
H 
spectrum no anomalies occur. There is still the same C -base 
a 
interaction and the conclusion that the transition states for anti aa 
and anti ee elimination are similar still holds. 
Considering structures I, II and IV with regard to this con-
clusion, we find II and IV very like olefins in the transition state and, 
since the same olefin is produced from both anti aa and anti ee 
I 
I, 
' 
• 
e 1irn. jna.tio n, Lhen II L1.nd l V are in a.ccordancL. \Vith lhe a l)ovc rcs l l ts. 
Clea rl y I, ·whic1 j s ] ike the carbo r. ium ion produced frorn both tbc 
a x i a l and e o uatorial js omer s during ·o l voJysis , i s a c ceptable . 
( c) 
( 1 ) 
O r i e ntation and S te r e oche:;.ni stry 1n the Var i;:i.ble E Sp, c t run1 
2 
of T r ansjti oi"l ,._ '- c-1 t2s 
There a r e t h ree in 1por tan t as p e c ts of t h i s s e c tion -
P osi t iona l O rie~t;:i.tion d eals \v jt:h th e p os itio n o f th e d oub l e 
bond with i n an alky l s tructure \Vh c n t:-.v o or more loc ations a r e ava j lab l e . 
This refers to the whole classical qu es t io n of Ho fma nn vs . S ay t ze f f 
te ndcnc ie s . 
( 2) Geom e tr ic a l Ori e n tation d ea l s v.,ith the s te re ochem i s t ry o f t ~e 
product olefin, i . e . all factors affe cting the~ is : tr a n s olefin ratios. 
Stereochern i s try of th e S-el imina ti on tr ansiti o n state . T he 
rel ationship of the leaving group , and (3 proton to the plane of the 
deve lop ing double bond is the impo r tant criterion . They may depar t 
from opposite sides ( anti elimination) or fron1 the sarne side ( ~ 
elimination ). 
Hofmann-Sa .r tzeff Te n denci e s 
] u 
The determination of reasons why bases cause elimination i r. t.o 
diffe rent carbon chains ( as in eqn ( z)), when one or more positions ar e 
availab l e for double bond formation has been one of the most controver sia l 
l -6 28 problems of the ea rly mec}Janistic approach to (3 elimina t ion reactio n s ' . 
R 
R 
s 
\ 
CH-CH 
I 
s 
-CH R 2 H 
R CH R 
s\ / 2. H 
· C=C 
I \ 
R H 
s 
Sayzeff 
Eqn (2) 
Rs H 
'\ . I 
CH -CH= C· 
I " R Rs Hofmann 
it 
I, 
I 
The Saytzeff olefin was initially recognised as the most 
substituted olefin, but is now generally accepted as the more stable 
olefin while the Hofmann therefore became the least substituted or least 
stable olefin. 
4-6 
This subject has been thoroughly reviewed and it seems 
apparent that there are three factors controlling positional orientation 
in f3-e limina tion reactions 
( i) Electronic effects of substituents in the inductive sense. 
( ii) Conjugative effects of substituents which refers to both conJu-
gation of charge and conjugation of the developing double bond. 
( iii) Steric effects associated with the changes in hybridisation can 
arise by relative steric stabilisation or destabilisation of the transition 
states for formation of Hofmann or Saytzeff olefins. 
The major disagreement was the assignment of which effect 
was the dominating influence for formation of the Hofmann olefin. 
Brown
28 
advocated steric considerations while Hughes, Ingold and 
3 6 . 
Banthorpe' favouredpolar and conjugative effects. Hughes, Ingold and 
Banthorpe maintained that steric effects only come into consideration 
when overly large substituents, nucleophile s and leaving groups are 
4 
1 1 
present. It seems evident that all factors must be taken into consideration 
as it is difficult to isolate a single factor. 
However, it is not intended to discuss this controversy but only 
to show how a study of Hofmann-Saytzeff tendencies helped to elucidate 
the character of the E
2
C 'like' transition state. The analysis of 
Hofmann-Saytzeff tendencies is a major section of this thesis. A full 
discussion of results and their implications will be produced in a later 
section. At this time the previous work relevant to this study will be 
summarised. 
1 1 
Winstein and Parker found that E
2 
C 'like' dehydrobrosylations 
of erythro and threo-3-_p-anisyl-2-butyl_p-bromobenzene sulphonate with 
chloride ion in acetone gave no detectable Hofmann olefin. They were 
able to deduce that the Saytzeff -Hofmann ratio was at least 1000:1. 
Also, the dehydro tosylation of neomenthyl tosylate by chloride ion 1n 
acetone gave a Saytzeff:Hofmann ratio of 97:3 while with ethoxide ion 
the Saytzeff:Hofmann ratio was 4: 1. It should be noted that dehydro-
tosylation of menthyl tosylate by chloride ion in acetone produced only 
the Hofmann olefin ( t:, 2 -menthene). The Saytzeff olefin can only arise 
by~ elimination or other pathways ( solvolysis, dehydrochlorina tion of 
the SN product neomenthyl chloride). 
2 
This work illustrated that for E C 'like' eliminations 
2 
there exists a marked preference for Saytzeff elimination products, 
except when the required anti s te reochemistry is unobtainable. 
( 2) Geometrical Or ienta tion 
9-13 
Winstein and Parker have previously suggested 
that the E 'like' transition state has a large degree of double bond 
2 4, 14a,54 16 
character. Bunnett and McLennan _ originally disagreed with 
this suggestion, but Bunnett14 b ha~ -recently conceded that f3-elimination 
reactions promoted by weak H-bases do pass through a transition state 
which contains a large degree of double bond character. 
The doubt as to the amount of double bond developed 
in the transition state was due to the fact that Winstein and Parker had 
compiled evidence which inferred this to be the case but no research 
had been implemented to directly show this assertion to be true. 
Therefore part of this thesis has been an analysis of olefinic product 
distributions carried out with the intention of elucidating this aspect. 
For any elimination reaction the cis :trans olefinic 
product ratio can vary between two extrE:mes. The first extreme is 
that expected for a transition state with a fully developed double bond. 
This can be best represented by determination of the relative stabili t i 
of the cis and trans olefins. This can be measured by equilibration o i 
the olefins concerned. Consideration of structures VII and VIII show s 
that the substituents R and R can be eclipsed on the same side of 
1 2 
the double bond VII or lie on opposite sides VIII. 
12 
Clearly it is the result of ti..e various possible interactions 
of R
1 
and R
2 
which governs the relative stabilities of VII and VIII. 
I 
11 
1: 
I 
I 
I 
R R 
l 2 
H H 
YI [ 
CIS 
R .. 
1 
H 
:y 1 11 
trans 
H 
~ 
R 
2 
I -. 
J J 
T h e second extreme JS that expected for a transition sta l e 
\.vith no double bond development, i . e . like the starting reac t::1 nts . The b es t 
r epresentation of this form is the startin g reactant R CH C H./R ·whic h can 
l 2 2 
produce both VII and VIII by elimination of HX . 
R 
1 
H 
X 
JX 
H 
H 
X 
X 
H 
R 
l 
IX a nd X are the Newman Projection For1nulae of the reactant 
configurations v.rhich give rise to VII and VIII respe ctively . It is the 
r e l ative free energies o f IX and X \vhich govern the cis:tr 0.ns_olefin ratio 
for this extreme and it is the interactions of R
1
, R
2 
and X in IX and X 
,.vh ich will determine their relative free energies. 
T herefore a cis : trans olefinic product ratio may vary frorn 
the result predicted for a transition state \vith a well developed double 
b ond to that predicted for a transition state which is reactant-like . 
This \vhole treatrnent completely depends on the type and influence of 
the various interactions R and R can have on thejr surrounding 
l 2 
envirorunents both in the ground state and the transition state. 
The description of these interactions is more appropriately 
described as Substituent Effects; but, since they affect the geometrical 
orientation of the transition state, they will be introduced here. 
Ingold 3 has provided an excellent description at the level 
understood by most organic chemists, of the interactions within and 
between molecules and it is only intended to produce a short summary of 
the relevant sections. 
There are three main interactions between non-reacting 
molecules -
( a) Electrostatic Interactions which refers to attractions and repulsions 
which arise from charge localised on a molecule whether it is a full 
charge (e.g. carboxylate groups) or a dipole (e.g. a carbon chlorine 
covalent bond) or a quadrupole (e.g. hydrogen molecule). The strength 
of the interactions varies greatly with forces between ions as the 
strange st and quadrupole -quadrupole forces the weakest. 
(b) London Dispersion Forces. Ingold 3 refers to these interactions as 
electrokinetic interactions as they arise by reason of the motion of 
electrons. They can best be described as the synchronised motion of 
electrons about a group of atoms within a molecule, i.e. fluctuating 
dipole induced dipoles. Thus there will always be attraction. 
( c) Exchange Interactions. For two atoms which are short distances 
apart covalency formation may take place when the Pauli principle allov.;s. 
However, repulsions will be experienced at very small 
interatomic distances due to violation of the same principle. Generally, 
at very short distances these are a dominating force . 
3 
Ingold has shown that intramolecular forces exist and are 
derived basically from the same forces mentioned for intermolecular 
interactions . They can be shown to affect physical properties, free 
energy of reactants and products and activation energy of reactions. 
These can be either direct interactions or transmitted 
interactions ( refers to inductive and conjugative effects). 
14 
15 
( 3) ~ vs Anti Elimination of ~-proton and Le aving Group 
It has long been recognised that §..YE_elimination was gene rally 
f bl h · 1 · · . 
4
-b E . k less avoura e t an anti e imination . xceptions were nown, 
especially where a ~-proton was strongly activated by acidifying subs tituents . 
This implies that in a paene carbanion type transition state ~n elimi-
nation was not strictly disadvantageous. 
Apparently anti elimination was more favourable, but the 
reasons were not clear. This was exemplified by Bunnett4 a - ''It is 
not well understood from theory why this geometry is so good." 
Bunnett has suggested that the anti requirement could be due to 
either the electrons released from the C -H bond to form the double 
. ~ 
bond; favouring entry into the C octet from the back side with respect 
4 a 
to the leaving group a' or due to eclipsing effects which destabilise the 
1. . . . . t 4b ~ e 1mination transition sta e . 
The E C 'like' transition state IV provides an excellent reason 
2 
for ~-elimination reactions strongly favourin g anti stereochemistry. The 
interaction of the base Y with the ~-proton and C ( as in the Walden 
a 
Inversion
3 ) excludes the possibility of the ~-proton departing from the 
same side of the plane of the double bond as the leaving group. 
Therefore a criterion of IV is that E C 'like' reactions show 
2 
marked anti stereochemistry. Winstein and Parker 8 ' l l, 20 have shown 
that this is the most stringent stereochemical requirement of E
2
C 'like' 
reactions. They studied this in several systems by comparing the 
rate constants for elimination. using weak H-bases. 
The dehydrotosylation of neomenthyl tosylate by tetra n-butyl 
2 
ammonium chloride in acetone to form b. -menthene ( anti aa elimination) 
proceeds fourte en times faster than the dehydrotosylation of menthyl 
tosylate to form the same olefin under the same conditions ( anti ee 
elimination). Formation of b. 3 -menthe ne from neomenthyl tosylate by 
dehydrotosylation with chloride ion in acetone ( anti aa elimination) 
proceeds at least 20,000 times faster than formation of b. 3 -menthene 
from menthyl tosylate and chloride ion in acetone ( §..YE_ae elimination). 
The anti:syn elimination ratio of greater than 20,000 1s indeed a very 
marked preference. 
16 
Another isomer pair which confirms this result is cis, cis -2, 6-
dimethyl-cis -4- t- butyl cyclohexyl tosylate and trans, trans-2, 6-dimethyl-
-- -
trans-4-!_-butyl cyclohexyl tosylate . Dehydrotosylation of the cis isomer 
by tetrabutyl ammonium chloride in acetone proceeds at least 20,000 
times faster than dehydrotosylation of the trans isomer under the same 
conditions . 
cis isomer 
In fact the .trans isomer gives 100 "±". 2% substitution and the 
gives 100 "±". 2% elimination . Therefore the value of 20,000 
is a lower limit set by the limits of detection of the instruments used 
for analysis. This result shows that the free energy of the transition 
state for ~ae elimination is at least 6 Kcal/ mole higher than the 
transition state for anti aa eliminationo 
It would be anticipated that syn elimination with chloride ion 
would only be found in a system in which elimination could not proceed 
through an E
2 
C 'like' transition state except where strong acidification of 
the ~ proton compe nsated for the weak H basicity of chloride ion, i .e. 
the elimination utilises an E H transition state . 
2 
There are other systems where anti elimination shows marked 
h 1 ... 11,17,20,27 d h h en ancement over syn e imination an systems sue as t e 
dehydrobros ylation reactions of trans-2-phenyl cyclopentyl _E-bromo 
benzenesulphonate (brosylate) which gives anti:syn ratios from 0. 08 
20 
to 110 depending on the base-solvent system . 
In summary, reactions of stror~g H bases can be forced by 
substra te modifications to r eact via a~ elimination transition state, 
whereas the E C 'like' reac tions of weak H bases cannot pass through 
2 
1. . . . . 4, 11, 20 a syn e rmination transition state . 
D Factors which Affect and Determine the Nature of the Variable 
E
2 
Transitio n State 
( a) The effect of changing a and ~ substituents 
4 
Bunnett has analysed and predicted the effect of a and~ sub-
stituents on the variable E transition state as described by him for 
2 
reactions of alkoxide type bases, i.e . E 
2 
H reactions. It is not intended 
to repeat his description 1n detail but only to mention it for comparison 
with E C reactions. 
2 
The study of electronic and s ter ic effects of a subs t i tuent s, 
especially, and f3 substituents is a major part of this th esis. T h e 
results and analysis will be presented later in the discussion secti o n . 
Preliminary studies of f3 substituent effects on E 2 C reac ti o n s 
have been reported 12 . They involved the effect of f3-bromine, m e thyl 
12 
and carboxymethyl relative to f3 hydrogen. Parker, Cook and Ruane 
17 
found several trends in their results. They studied the dehydrobromi-
nation reactions of the 2-bromo propyl compound XI ( CH
3 
-CHBr -CHR1 R2
) 
induced by chloride ion and acetate ion both in acetone as solvent. The 
rate of dehydrobromination by both chloride ion and acetate ion in 
acetone is greatly enhanced by substituti on of two f3 protons by either 
f3 methyl, bromine or carboxymethyl. However, the rate of chloride 
ion promoted dehydrobromination is little affected by the nature of 
the f3 substituent ( whether methyl, bromine or car boxy). Any differences 
are small enough to be explained in terms of eclipsing effects. This 
shows that the chloride promoted dehydrobromination is insensitive 
to acidifying or conjugative effects of f3 substituents. This would be 
expected if chloride ion utilised on E C 'like I transition state. 
2 
The acetate ion promoted dehybdrobromination is accelerated 
10 5 by changingJrom two f3 methyl substituents to a f3 bro1nine plus 
a f3 carboxymethyl. Therefore, the acetate ion elimination is strongly 
affected by the acidifying subs ti tuents. Clearly there must be some 
difference in the transition state utilised by chloride ion and acetate 
ion. Parker 12 , 17 considers that the chloride 10n eliminations ut il i se 
an E C 'like' 
2 
is a relatively 
transition state, while acetate 10n eliminations ( acetate 
strong H base in acetone 17 ) becomes more E
2
H 'like' 
and thus more sensitive to acidifying effects of f3 substituents. 
The rate difference between SN 
2 
reactions of chloride ion 
and acetate ion is approximately one log unit 12 and the rate differe n ce 
for dehydrobromination of 2-bromo-3-methyl butane with chloride io n 
and acetate ion in acetone is of the same order of ma gnitude 12 . Th i s 
implies that the rate of reaction correlates with carbon nucleophil i c ities 
of the two bases and for this compound both acetate ion and chloride ion 
eliminations utili s e E C 'like' transition states. 
2 
The difference in pKa of the two acids HCl and HOAc 1n DMF 
1s approximately 9 units 1 7 . Therefore, if a strongly acidifie d compound 
was found in which both chloride ion and acetate ion utilised E H 'l ike' 
. 9 2 
transition states then a rate difference of 10 would not be unexpected, 
i.e. the rates of reaction would correlate with the H basicity of the two 
bases. 
20 
The reactions of cyclohexyl compounds are also instructive. 
18 
It was found that substitution of a (3 proton by a (3-methyl or phenyl grea t ly 
enhances the rate of E
2
C 'like' reactions but there is little difference in 
the rates of E
2 
C 'like' eliminations from (3 methyl and (3 phenyl compoun ds. 
This earlier work indicated that there were significant differences between 
the substituent effects on E
2 
C 'like' reactions and the substituent effects 
on alkoxide promoted (3-eliminations as described by Bunnett4 . 
14b A recent effort was made by Eck and Bunnett to test the 
idea of including C -base interaction in the spectrum of (3-elimination 
Q 
transition states. They predicted that a neopentyl steric effect of 
bulky u substituents should slow E C 'like' reactions as they do SN 
17 25 2 2 
reactions. Cook and Parker ' showed that their argument was 
somewhat distorted by three factors -
( a) It is hardly reasonable to compare two totally distinct transition 
states such as the SN and E C 'like' transition states. In the SN 
2 2 2 
reaction there 1s no well developed double bond, i.e. no sp2 hybridisation 
at C(3 and no base-(3 proton interaction in the transition state. This means 
that it is difficult to separate steric effects of (3 substituents from 
consideration of electronic and conjugative effects of (3 substituents 
in the E
2
C 'like' transition state. 
( b) They also considered that steric decelleration by u substituents 
1n an SN2 reaction at primary carbon was representative of the ster i c 
situation of an E
2
C 'like' transition state for attack at tertiary carbon. 
Cook and Parker showed that the 'neopentyl' effect fell a\vay drastically 
for SN2 reactions on going from 1 ° to 2° to 3°, i.e. from 16,000 to 
500 to 3. This fall off was due to changes in the character of the SN 2 
transition state. The 'looseness' of the SN 2 transition state increases 
from 1° to 2° to 3° and it is known that non -bonding interactions of the 
type which retard SN
2 
reactions fall off strongly with distance
3
' 
30
. 
( c) Closely related to part (b) is the third con sideration which 
9-13 17-22 
they ignored. Winstein and Parker ' have maintained that the 
E C 'like' transition state is very 'loose' ( more so than the S N 
2 2 
transition state). Since it is only possible to study the 'neopentyl' 
0 0 
effect at 2 and 3 carbon, the greatest effect expected would be 500 
[from ( b)] for E C reactions at 2° carbon. However, the E C 'like' 2 2 
transition state at 2° carbon needs only to be as loose as the SN 
2 
0 . 
transition state at 3 carbon and no 'neopentyl' effect will be observed. 
14b 
It is hardly unexpected, therefore, that Bunnett observes no 
'neopentyl I effect for E C 'like' reactions at 3° carbon. 
2 
( b) . The effect of changing Base or Nucleophile 
The effect of changes from one strongly H basic alkoxide base 
4-6 
to another strong H base is well understood from past reviews. 
The rapid rates of elimination reactions promoted by weak H 
bases, especially in dipolar-aprotic solvents (e.g. chloride ion and 
mercaptides in acetone) relative to strong H bases in protic solvents 
(e.g. _!-butoxide in !_-butanol) was the initial result which caused 
Winstein 7 ' 8 to doubt the adequacies of the spectrum of E
2 
transition 
4 
states described by Bunnett . 
Winstein and Parker 20 actually found that dehydrotosylation 
reactions of variously substituted cyclohexyl 12.-toluene sulphonates 
19 
was up to 40 times faster when promoted by chloride ion in_!-butanol 
than when promoted by t- butoxide in !_- butanol. It is hard to reconcil e 
this fact in terms of Bunnett 1 s 4 E transition state spectrum. t-Butoxide 
15 2 -
is ca 10 times more H-basic than chloride ion, and a transition state 
with exclusive ~-proton attack is hard put to explain this enormous factor . 
There seems to be some consideration unaccounted for by 
4 
Bunnett . Winstein and Parker maintain that this is interaction of the 
base with Ca in an E
2
C 'like' transition state. Clearly structures I and 
r 
II c 2 n n ot pro v ide 2.n c. ·plana.tion fo r so la r ge an c11l1ancernent o[ the 
rate of chloride ion p r on1otc cl c li1nir~~:tion . 
This \V ,1 :_, not a n iso lated cffe c 1 Com pa_rj~_:; on of E_ - njt,·o thio -
pbenox: jde and 12_- n:itr o phc n O:'(ide s ho\v tha t in a c etone E_-n i tr o tl1io;--:: henoxiclc 
. 6 
1s app1·ox 1mate ly ] 0 Umes le s s b asi c iha n ..2. -nitro 1):-i enoxjde , b ut 
appi-oxjn1a tely 4 ti1nes mor e c Le cb v c for r e actio n s a t a c ar b on c entre, 
e.g. SI\J 2 rc ac bons
20 
In th e d e hydrotosy l a t io n o f ci s -2- n i ethy] c y cl o -
hexyl P._-toluen '3 s ulphonate, p-n i t ro thiop]1e:! nox id c i s 5 t irnes n101· c 
effective but in the dehydrobromina tion o f cis -1, 2- dibr orno c y c l ohe ., anc 
p-nitro thi phenox ide is 25 ti.n1es less effective than E_-nit r o p h en oxide . 
A further example of this is fo u nd v1h e n acetate ion a n d chloride 
12 20 
1011 1n acetone are compar e d ' . In pu r e C atta c k tr~nsitio n sta tes 
the chloride and acetate have approxi1n a t c ly the san1e rate . Since the 
c hloride is 10
9 
le ss basic than acetate in acetone as solvent , it \Vould 
be expected that the acetate :chloride rate ratio for elimination reactions 
9 
shoul d vary through a range of 10 
For dehydrotosylation of cis-2-methyl cyclohex yl .12.-toluene 
sulpbonate the acetate : chloride rate ra t io is 0 . 5 \vhile for dchyd:ro-
bromination of crythro - rnethyl - 2 , 3-dibromo butJnoate the acetate: 
chlo ride rate ratio is 3 x l 0 6 . 
Winstein and Parker considered this to be o n e of the n1.ost 
important criteria of C -base interaction in the E tr a nsition s tate . 
a 2 
They proposed not only to . find qualitative trends but also to find 
quantitative correlations . If a model system \vere found \vhere the 
number of variables \Vas limited, as far as possible, to one (i.e. 
variation of the attacking base) and changes of base did not canse 
changes in the position along the E
2
C - E
2
H spectrum, then it \vould 
b e predict"d that the ratio of E
2
C 'like ' reactions \vould correla ~e 
di rectly with the carbon nucl e ophilicity of the attacking base . To test 
h . h 1 . s . s 3] ' 32 f 1 . h 1 · 9 ' 18'20 t 1s ypot 1es1s a - \Vain- cott type o re ations ip \Vas app 1e d 
[eqn ( 3)]. 
s 
E 
log k 
y 
s s 11 log k + Const y 
wbere ky 1s the r a te consta nt for SN
2 
sub s titution by Y and 
corr elation coefficient. 
eqn ( 3) 
s 
T) 1S a 
A further pre l .:, ·ion is il ell c' Bronstc_,d orr cl~'- ion [ corrcla.Lon 
o [ r a t c of e 1 i ;. n i Patio n \vi th H b a s i c it y of th c b :t s c - c q n ( ·1 ) ] s L o u 1 cl cd :3 o 
4 be found in a m o ] e l ~~ y s tern for E H I l i 1-e r r a c U c n ~ · . It u . c s [-1 - b a s i c i t y 
2 
as a n1ode l for I-I nucl eoph il icity . 
E 
log k y ~ p Ka (HY) + Const eqn ( 4 ) 
The pKa o f the acid HY should b ~ de tern1 incd 111 tl-1e 0 c l ven t 
, f h 1· . . . 9 us ect o :· t e e 1m1nat1on re a ctions . 
Wins t e in and Parker found S\vain-Scott correl:::1 tions for dehydro -
to sy]ations of cyclohexyl _E - toluene sulpbonate i n 2.cetonc 9 and dcLydro-
bromination reactions of i-butyl brornidc in ac tone 18 . Ho\vevcr , no 
Swain -Scott relation \Vas found for d ehydrob r ominations of cyclol1ex:yl 
12, 20 
bromide in ace tone , and dehydrob1·omina tions of ~~ 1, 2-dibrorno 
cyclohexane in ace tone 12,20 
Winste in and P arker found Bronstcd corr elations £or dehydro -
brominations of c is -1, 2-dibror~o cyclohexane in acetone l Z-ZO but no 
B d l . f d 1 d b . . f l 1 b · 12 · 20 ronste corre at1on or e 1.y ro ro1n1nations o eye ohexy ron11de · 
or !_-butyl bromide 
18 
in acetone and no correlation for dehydrotosylatio:1.s 
of cyclohexyl .E, ·· toluene sulphonate in acctone 9 
Therefore the correlations that have bee n ob se rved are -
( a) Corr elation of elimination r 2.te v.,ith C nucleophilicity but not 
with H nucleophilicity. 
( b) No correlation of rate of elin1ina tion \Vi th either C or H nucle o -
philicitie s. 
( c) Corr ela tion of rate of elimination with I-I nucleophilicity and no 
correlation \vith C nuc le o philic ity. 
Sinc e all these r esults a r e obtaine d for reactions of the same 
group of b ases \vith di fferent substrates then sure ly this is cle ar e vidence 
9 for th e spectrum of transition states as proposed by '\Vinstein and Parker . 
It is h a rd to envisage variations of 10 6 - 10 15 fron1 predicted rate 
values ( fron1 H basicity conside r ations) and the qua ntitative corr elations 
of rate of elimination with carbon nucleophilicity , ever being expL:nncd 
in terms of a trans it ion state \vhich does not include C - base 
a 
4,14,16 l l 'd 1 · interaction . The east these resu ts provi e is c ear evidence 
that the spectru1n of transitior.: states for bimolecular r3 elimination 
4 proposed by Bunnett needs re-evaluation. 
( C) The effect of changing solvent 
As is found with all other effects previously described, the 
salvation of E
2
C 'like' transition states is very different from salvation 
of E
2
H 'like' transition states. 
P k 1 3 , 2 0 , 3 3 . ff f l f ar er has described thee ects o so vation o anions, 
cations, dipolar molecules, and transition states, on the rates of 
( 0 S\ several reactions. An analysis of the solvent activity coefficients l)i'' 
for the transition state anions of E
2
C 'like' E H 'like' and SN 
' 2 2 
reactions enables determination of charge distribution in these three 
transition states. He has found that SN
2 
transition states can be 'tight' 
13 is very 'loose 1 , and or 'loose' but that the E C 'like' transition state 2 33 
that the E H 'like' transition state is 'tight' 
2 
22 
This indicates that for E C 'like' transition states the nucleophile, 
2 
leaving group and r3 proton have well developed charges similar to the 
product conditions. However, in the E
2
H 'like' transition state the base 
and leaving group are very unlike free anions. This difference is indicative 
of the existence of a spectrum of transition state structure for r3 
elimination reactions. 
Other features arise from Parker's treatments. The rate of 
E
2
C 'like' reactions are relatively independent of the solvent used, i.e. 
independent of ionising power or basicity of the solvent. In practice, ion 
pairing does lower the observed rate of elimination except where tetra-n-
butyl ammonium salts are used. This property of tetra alkyl ammonium 
salts has also been discussed by Parker 18 . The effect is derived from 
the relative interactions of the tetra-n-butyl ammonium salt with the 
ground state anion and the transition state anion . The tetra-n-butyl 
ammonium cation has only a general anion-cation interaction with both 
the ground state anion and transition state anion. The alkali metal 
cations (e.g. Li+, Na+, K+) have both general and specific cation-anion 
interactions which can give rise to different stabilities of ground state 
and transition state ion pairs. 
This observation has obvious synthetic implications. A bi-
molecular reaction between an anion and a neutral molecule is almost 
as fast in benzene as in ethanol or DMF, whereas side reactions such 
as solvolyses are significantly dece].erate d on changing to less polar 
solvents. 
( d) The effect of changing leaving group 
9 18 20 . After the initial success of Winstein and Parker ' ' 1n 
obtaining quantitative correlations of elimination rates of E
2
C 'like' 
reactions with carbon nucleophilicity of the attacking base an attempt 
10, 55 
was made to apply the same treatment to changes in leaving group . 
The same difficulty arose in choice of a model system, which can force 
each separate compound to utilise the same transition state structure 
(i.e. E
2
C 'like' or E
2
H 'like'). 
The reactionschosen for comparison were the SN 
2 
and E
2 
C 'like 1 
reactions of mono-substituted cyclohexyl compounds with tetra ethyl 
ammonium chloride in DMF. 
E 
obtained for a plot of log k
2 
An excellent linear correlation was 
S 10 55 
vs lo g k for this r ea ct ion ' . 
2 
Various other correlations were attempted to test the extent of this 
23 
f 1. · Pk dLloydlO,S 5 f H'l'k' · type o app 1cation. ar er an ound that E
2 
1 e reactions 
correlated with other E H 'like I reactions for changes in leaving group 
E Jt' (i.e. log k 2 vs log k 2 ) for a large variety of leaving groups and alkyl 
substrates. Also SN reactions correlated with other SN reactions 
s ~ 2 (i.e. log k vs log k ) . 
2 2 
As expected, SN
2 
transition states behave in a parallel fashion 
for changes of leaving groups, independent of the nucleophile used and 
E 2 H 'like' transition states promoted by strong H-bases also parallel 
each other for changes in leaving group. The anomaly occurs with f3 
elimination reactions promoted by E 2 C bases. The behaviour of the 
transition state for thio phenoxide and chloride promoted f3-elimination 
does not correlate with the behaviour of the transition state for f3-
elimination promoted by strong H bases (e.g. ethoxide or .!__-butoxide). 
Since the E
2
C 'like' transition state closely parallels the SN
2 
transition 
state for variations of leaving group, then this indicates that of the 
influences the leaving group can exert, that which is apparent in the 
SN
2 
transition state is apparent in the E 2 C 'like' transition state. It 
was considered that this indicated C -base interaction in the transition 
a 
10,55 
state . 
( e) Fri mary Hydrogen Isotope Effects 
4 Bunnett has reviewed and analysed the effect of Primary 
Hydrogen Isotope effects in E H 'l ike' reactions, assuming a linear 
2 
relationship of Cf3-H-B. However, this did not include an assessment of 
isotope effects expected for a non-linear arrangement of C -H-B. 
34 (3 
More O'Ferrall treated this aspect from a theoretical stand-
point and assessed values expected for various angles of the Cf3-H-B 
arrangement. 
24 
Parker and Winstein 19 showed that the Hydrogen Isotope Effect 
for E
2 
C 'like I reactions fell within the range predicted by More 0 1 Ferrall 
0 for a Cf3-H-B angle of 90 . Although they acknowledged that this evidence 
did not conclusively prove the transition state to be E
2 
C 'like', it was 
considered that the Primary Hydrogen Isotope Effects \Vere as predicted 
for an E
2 
C 'like' transition state (IV). Also, the small Hydrogen 
Isotope Effect for SN
2 
reactions ( kH: k 0 = 1. O) showed that the E 2 C 
'like' and SN
2 
transition states are distinct and there is no merged 
intermediate or transition state. 
E SUMMARY of Introduction 
Since a complete review of all work on E C 'like I reactions 
2 
has never been compiled, it was attempted in this introduction to 
collect and correlate results determined prior to and concurrent with 
this thesis. However, this was limited to work which was not directly 
involved with this thesis . The literature relevant to this thesis is 
presented in the discussion. 
The Introduction has indicated several maJor features of 
bimolecular (3-elimination reactions -
The necess ity for a spectrum of variable E transition states . 
2 
2 5 
( a) 
( b) 
( C) 
The need for invoking base - C interaction in the transition state. 
a 
Only the products of anti elimination have been observed from 
E C 'like' reagents. Where ~elimination products \Vere observed, 
2 
solvolysis or other mechanistic pathways were significant. 
( d) The rate of E
2
C 'like' reactions is only weakly affected by 
acidifying ~ - substituents. 
( e) The rate of E
2 
C 'like' reactions 1s relatively unaffected by 
changes o f sol vent. 
RESULTS 
During the course of this thesis, rate cons tan ts were 
determined for various types of reactions. These included E C 
2 
reactions, E
2
H reactions, SN reactio ns, solvolysis reactions, 
E H l . 9 - 1 3 , 1 7 - 2t) , 2 s , 2 7 , 3 3 and a reactions 
2 
Each type of reaction was analysed by different methods, 
both mathematically and chemically. The description of the experimental 
techniques falls within the scope of the experimental section while the 
results will be described in this section. 
( A) Kinetics - Mathematical background 
(a) Dehydrobromination of alkyl bromides \Vith tetra-n-butyl 
ammonium bromide in the presence of 2, 6-lutidine in acetone solution 
( E
2 
C Reaction). 
RBr+Br 
+ 
lut 
-~> R olef. + -Lut H . Br + Br Eqn 5 
Dehydrobromination would not take place if 2, 6-lutidine were 
26 
not present, because of rapid back addition of HBr . However, the lutidine 
deactivates the bromide ion produced by forming tight ion pairs of lutidinium 
b . d 2 3 ' 14 c Th 1 . . h f . romi e . e utidine does not change t e rate o reaction and 
therefor e does n·ot alter the free energy of the transition state or 
reactants. The lutidine allows the reaction to proceed by lowering the 
free energy of the products. For solvents which solvate the hydrogen 
bromide better than acetone, e.g. DMF, no lutidine need be added to 
facilitate the reaction. 
Since lutidinium bromide is a tight ion pair, the reaction of 
one mole of alkyl bromide and one bromide ion in acetone to produce 
one mole of olefin does not alter the initial concentration of kine ti call y 
active bromide ion, although the "titrated" concentration increases. 
Rate - kE [ alkyl bromide ] [ac t ive br om i de ion] 
2 
a - Initial RBr X - RBr lost. 
b = Initial active bromide ion. 
kE 1s the second orde r rate constant fo r d ehydrobromina tio n 
2 
of the 
Rate 
alkyl bromide 
dx 
dt 
in units of litre/mole/ s e c. 
- kE b ( a - x) 
2 
Rearrangement gives 
1 dx 
b a - X 
k. dt. 
Integration gives 
E 1 ln 1 kz 0 t -- b. a - X 
- 2.203 1 
b 
log 
a - X 
kE b log 1 • . • - /t. 2 2.303 a - X 
1 
time the slope kE For a plot of log -- vs -
a - X 2 
kE 2.303 slope. 1. e. 
-
X 
2 b 
Eqn 6 
b 
2.303 
bis usually expressed in mls of titrant solution. To change the 
units of k~ to litres/mole/sec. the expression must be multiplied by 
the volume of the sample analysed and divided by the concentration of 
the ti tr ant. 
• 2.303 
b . slope. 
volume of sampl e 
Eqn 7 
concentration of titrant 
{ b) General bimolecular reaction with competing substitution, and 
elimination. 
These reactions fall in the class where the ~-elimination reaction 
deactivates one or zero molecules ofnucleophile (SN + E reactions). 
2 2 
The g c :1 e ral form 1s -
RX + > 
a 
X 
b 
+ -R olefin + RY+ H . Y + X 
Initial concentration of RX 
Loss of RX 
Initial concentration of Y 
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Fs - Fraction of substitution ( SN 2 ) 
Fe - Fraction of elimination 
kE +S 
-
Sum of the second order rate constants for 
2 
and E reactions. 
. 2 
Fs + Fe - 1 • 
Rate - kE+S [RX][ Y ] 2 
dx kE+S ( a - x) ( b - Fsx) --
-- dt 2 
Integration and rearrangement gives 
1 
b - aFs 
2.303 
b - aFs 
. ln 
b - Fsx 
a - X 
b - Fsx 
. log 
a - X 
b - Fsx 
After plotting log vs ta straight line results with 
a - X 
slope kE+S b - aFs -
2 2.303 
kE+S 2.303 
- b F • slope 2 -a s 1. e. 
which corrects to 
SN 
2 
Eqn 8 
2. 303 volume of sample E n 9 b F • slope. q -a s concentration of titrant 
This form of kinetic equation 1s applied for SN 
2 
and E 
2 
reactions 
of NBu
4
Cl and NBu
4
0Ac in DMF, SN
2 
and E
2 
reactions of NBu
4
CN 
28 
( see also part ( d) following) and NBu
4 
Cl ( in the presence of 2, 6-lutidine) 
in acetone, SN
2 
and E reactions of KOt-Bu in t-BuOH and NaOEt in 
2 - -
EtOH. However, for reactions of NaOEt and KO!_-Bu the kinetics hold 
only if Fs is artificially assigned as 1. 00. This is necessary because 
one mole of base is lost by substitution and elimination. 
(c) Bimolecular substitution and f3-elimination reactions of NBu
4
0Ac 
in acetone. This system is different from the previous [(b)] in that for 
each mole of acid produced two moles of "active" acetate ion are removed 
- 17 due to formation of biac eta te ion ( H( OAc) ) . 
2 
The general form is 
RX + OAc --->~ R olefin+ R OAc + H. ( OAcr + X-2 
a, x, b, Fe and kE+S are as de fined in part (b) 2 
Rate kE+ S [RX] [OAc -] 
2 
dx - k E+ S ( a - x) ( b - ( 1 + Fe ) x} 
dt 2 
Integration and rearrangement gives 
1 
b-( l+Fe)a 
2.303 
b-(l+Fe)a 
. ln 
.log 
b-( l +Fe )x 
a - X 
b-( l +Fe ) x 
a - X 
Eqn 10 
1. e. 
b -( l+Fe)x 
When plotting log vs. ta straight line results with 
a - X 
slope _ kE+S b - ( l+Fe )a 
2 2.303 
1. e. 
kE+S 2.303 
= ( ) . slope . 2 b- l+Fe a 
volume of sample 
concent ration of titrant Eqn 11 
( d) Bimolecular, debromination reactions, in competition with 
dehydrobromination and substitution, remove two moles of nucleophile 
29 
for debromination of each mole of alkyl substrate. This class of r eaction 
is represented in this work by the reactions of NBu4ArS ( ArS = 
4-NO C
6
H S-) and NBu CN in acetone as sol vent. 
2 4 4 
In the general form there are three competing bin1olecular 
reactions. 
Substitution 
RBrY + Br 
R Br + Y 
2 
D ehydrobromin at ion 
R Br olef + Br-
+ HY 
Debro m ination 
R olef + 2Br 
+Y-Y 
a 
b 
X 
-
-
-
Initial RBr 
2 
concentration 
Initial Y concentration 
Loss of RBr 
2 
Fd - Fraction of debromination and Fs and Fe are as in part ( b) 
1. e. Fs+ Fe+ Fd = 1 
. . 
E+s+D 
Rate = k
2 
[RBr 
2
] [Y ] 
dx = k E+St- D ( a - x) ( b - ( 1 + F d) x) 
dt 2 
Eqn 12 
This is essentially the same eqn as in ( c) and reduces to 
the same final form except Fd replaces Fe. 
b-( l+Fd)x 
1. e. For a plot of log vs. t. 
a - X 
2.303 volume of sample Eqn 13 
· slope · concentration of ti.trant b-( l+Fd)a 
( e) Solvolysis reactions of alkyl halides. 
The kinetic equation for this class of reaction is clearly in-
dependent of salt or base in the media so that the same form holds for 
all solvolysis conditions. 
The general form 1s 
Rate 
a and x are as defined in part ( b) 
k
1 
is the first order rate constant for solvolysis of the 
alkyl substrate 
. dx Rate - -
dt 
k
1 
( a - x) 
Integration and rearrangement gives 
ln 1 
a - X l 
2.303 log a - X 
Eqn 14 
Plotting log 1 
a - X 
versus time a straight line results with 
slope 
k
1 
- 2. 303 x slope Eqn 15 
30 
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( f) Kinetics of pseudo 1st order reactions studie d with U. V. 
spectroscopy ( E
2
H) . 
The general form 1s as for 2nd order reactions 
RX+ Y -) R olefin+ RY+ H.Y + X 
Rate - k
2 
[RX] [Y-] 
for [Y-] >> [ RX] 
Then k 2 
[Y-] 
If x - RX present at time t. 
overall 2nd order rate constant 
pseudo 1st order rate constant 
OD - E l c where E extinction co efficient 
c - concentration 
OD= optica l density 
l - cell length = 1.00 ems 
. OD 
. . C - E 
Rate 
dx 
- -- - k X 
dt 1 
Integration and rearrangement gives 
- ln X - k t 
1 
kl 
lnx 
-
-
t 
lnx
1 
- lnx 1. e. 
-
0 
tl - t 0 
-
OD OD 
ln 1 - ln 0 
e e 
t - t 
1 0 
for OD
0 -
0 
- k ln OD -
1 t 
-k 2.303 log OD • . -1 t Eqn 16 
A plot of log OD versus t gives 
a slope 
-k 
l 
2.303 
-2. 303. slope. 
It should be realised that the kinetic equations in parts (a), 
( b), ( c) and ( d) are all different forms of the same equation which 
can be written as 
Rate 
follows -
dx 
dt k ( a - x) ( b - mx) 2 
where r:n = 0, Fs, 1, l+Fe or l+Fd. 
Eqn 17 
Examples of typical runs and other associated experimental 
detail are described in the experimental section. 
( B) Kine tic results 
(a) Dehydrobromination reactions of alkyl bromides promoted 
by NBu
4
Br in Acetone. 
The general form of the reaction studied 1s in Eqn 18. 
R-C H Br-C H-R + Br /Lut 
a p 
(XI) 
T 
> R~ C H = C H - RP + Br 
+ L u t .-H ~ B r -
Eqn 18 
( i) Rate constants were determined for dehydrobromination of 
several compounds. The results which were determined are presented 
in Table I. The accuracy of the method of determination was "±- 5% of 
32 
the value quoted. This error does not affect the theoretical consideration 
of the results. 
. 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
TABLE I 
Rate constants for dehydrobromination of substituted 
bromo ethanes ( XI) by NBu Br in acetone in the 4 0 a, C 
prese nce of 2 , 6-lutidine at 75 C 
. 
R 
Eu 
[trans] R log k 2 a (3 
( 1 ) ( 2) 
H CH3 
-5.94e 
- -
CH
3 
CH
3 
-4.68 -4.69 82 
C6H5 CH3 
-3.36 -3.36 99 
4-NO -CH CH -3.58 -3.59 99 2 6 4 3 
4-C H
3
-c6 H4 CH3 -2.83 -2. 83 
1 
-
C6H5 C6H5 -3. 14 -3. 1 7 98 
CH
3 C6H5 -4.39 -4.39 93 
CH
3 
4-N0
2 
-C
6
H
4 
-3.77 -3.77 1 -
CH
3 
4-CH
3
oc
6
H
4 
-4.43 1 - -
( ii) Footnotes TABLE I 
" Eu 
log k 2 ( 
f 
- 6. 24 ' 
-4.77 
-3. 36 
-3.59 
-2.9lf 
- 3. 15 
-4.42 
-3.77 
-4.43 
a The concentration of re a ctants except where otherwise stated 
were NBu
4
Br =0.1 M ; alkyl bromide =0.02 M; 2,6-lutidine =0 . 05 M. 
b The rate constants quoted are for formation of trans olefin. 
V. P. C. analysis verified the identity of the olefin ( see TABLE XXXV for 
exact details). 
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t) 
h 
c The rate constants were determined using Eqn 7 and are expressed 
as logarithms of the 2nd order rate constant which are in units of 
litres/mole/ sec. 
d All rate constants 1n TABLE I were determined by analysis for 
the bromide ion produced. Nos . 2, 3, 4, 6 and 7 were also determined 
by analysing for the acid produced and the res ult agreed with the bromide 
ion analysis. When two results are quoted this represents duplicate runs 
with freshly prepared solutions . 
34 
e The concentration of NBu
4 
Br = 0. 1 M; n-propyl bromide = 
1. 0 M; 2, 6-lutidine = 0. 25 M. 
f The value quoted is the log kE after correction for the salt 
2 
assisted solvolysis of the alkyl bromide in the presence of NBu
4
ClO 
4 
and 2, 6-lutidine ( see Controls following). 
h Corrected for two equivalent hydrogens. 
1 The trans olefin was verified to be the maJor product by 
V. P. C. and shown to be > 95% of the total products. Any small corrections 
to the final rate constant would not in any way affect the theoretical 
anal y sis of the r e s ult s . 
( iii) Controls 
(a) Materials used. 1-Bromo propane; 2-bromo butane; 
1-bromo-l-phenyl propane; l -bromo-1-( 4-nitrophenyl) propane; 
1-bromo-l, 2-diphenyl ethane; 2-bromo-1-(4-nitrophe nyl) propane were 
all prepared as described in the experimental section and were verified 
to be > 99 % pure by .N. MR. analysis, bromide analysis and the 
reaction infinities. 
The two following compounds were prepared but, unfortunately, 
efforts to remove the trans olefin by any purification method were 
thwarted by dehydrobromination of the alkyl bromide during all 
attempted purification procedures. 
2-Bromo-1-phenyl propane was used 92 % pure. 
1-Br omo-1 -( 4-methylphenyl) propane was used 93 % pure. 
By analogy of the N .M.R. of the alkyl bromide with the other 
similar alkyl bromides the ratio of alkyl bromide to trans olefin was 
established. This compared exactly with the value determined by bromide 
analysis and reaction infinities. The procedure was tested with artificial 
mixtures of trans -1 -phe nyl propene and 1 -bromo- 1 -phenyl propane and 
proved to be valid. 
All other materials (NBu
4
Br, 2, 6-lutidine and acetone 
solvent) were purified by standard procedures described in the 
Exper irnental section. 
(b) Analyti cal Methods 
It was demonstrated ' that the analy tical proc e dures u se d 
accurately determined the co n c e ntration of the brom i de ion a n d a c id 
produced. The acid was titrated by quenchin g th e s a mple into ac e tone 
and titrating with N a OMe in M e OH under a N
2 
atmos p herei using 
thymol blue as an indicator. The bromide ion was determined in 
1, 2 and 4 ( TABLE I) by quenching the sample into so % acetone/water 
and titrating the bromide ion potentiometrically with aqueous A gN O 
3 
solution. In 3, 5, 6, 7, 8 and 9 the sample was quenched into toluene, 
extracted into water and the water extract titrated potentiometrically 
with aqueous silver nitrate solution. The exact details are in the 
experimental section. 
3 5 
It was verified by experiment that none of the alkyl bromides 1n 
TABLE I decomposed during the analys·es. 
( C) Sol volysis reactions 
All the alkyl bromides were tested to determine whether there 
was any significant competition of solvolysis with the bimolecular dehydro-
bromination. Where there was significant solvolytic reaction the rate 
constant for solvolysis was determined and the observed second order 
rate r.onstant corrected to allow for this ( TABLE I, footnote i._). In 
TABLE II are the results of each test of the solvolysis rates. 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
TABLE II 
Solvolysis tests on the reaction systems 1n TABLE Ia 
R 
a 
CH 
3 
C6HS 
4NO -C
6
H 
2 4 
4CH
3
-c
6
H
4 
C6HS 
CH
3 
CH
3 
CH 
3 
CH C 
3 
CH 
3 
CH 
3 
CH 
3 
CH
3 
C6H5 
C6HS 
Rf3 
4NO -C
6
H 
2 4 
4CH3o-c6 H4 
R l b, d esu t 
log kl- -7. 52, approx. zs % of tota l 
reaction 
Undetected during one half li fe 
1. 6 % solvolysis in one half life 
< 1% solvolysis in two half l i ves 
log k 1 = -4. 5 5, a ppr ox. 10% o f tota l 
reaction 
. 6 % solvolysis in one half l ife 
Undetected during one half l ife 
ti II II II II 
II II II II II 
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Footnotes TABLE II 
a The concentration of reactants except where other\vise stated 
was alkyl bromide = 0. 02 M, NBu
4
ClO 
4 
= 0. 1 M, and 2, 6-lutidine -
0. 05 M. The NBu4 ClO 4 was present so as to approximately allow for 
the salt effect of NBu
4 
Br on the reaction. 
- 1 b The first order rate constant ( in sec ) was determined 
using Eqn 14 when the solvolysis represented a significant part of tpe 
total reaction. The observed second order rate constant was corrected 
for solvolysis using equation 19 
kE 
-
k 
1 
2 [Br] Eqn 19 
E 
kz 
kE obs 
2 
derived second order rate constant 
observed second order rate constant 
measured solvolysis rate constant 
concentration of Br in second order 
dehydrobromina tion 
c The concentration of reactants was NBu
4 
ClO 
4 
n-propylbromide = 1. 0 M, and 2, 6-lutidine = 0. 25 M. 
O. 1 M, 
d The amount of sol volysis was determined by analysis of the 
bromide :ion produced using the same analytical procedures as for 
the second order dehydrobromination reactions. 
It was also verified that the NBu
4 
Br did not decompose under 
the conditions of the reaction. That is, a solution of 0. 1 M NBu Br 
4 
in the presence of 2, 6-lutidine, warmed for one half life at 75°C did 
not produce any acid or lose any bromide ion. 
( d) Infinities 
Reaction infinities were determined for all the reactions in 
TABLE I and the results are presented in TABLE III. 
TABLE III 
Infinity titrations determined for Reactions 1n TABLE Ia 
Cale. b Titrated Inf. No. R R Inf. 
a f3 
1 H CH
3 
420.48c 
-
2 CH3 
CH 11. 15 11. 12 3 
3 C6H5 CH 11. 85 11. 85 3 
4 4NO -c
6 
H CH 8.30 8.30 2 4 3 
5 4CH3
-c
6 
H
4 
CH 7.63 7.52 3 
6 C6H5 C6H5 9.42 9.25 
7 CH
3 C6H5 7.77 7.75 
8 CH
3 
4NO -C
6
H 
2 4 7.59 7.60 
9 CH3 4CH o-c6 H 3 4 8.25 8. 1 7 
Footnotes TABLE III 
a h f h 1 • • • + 10 T e accuracy o t e aeterm1nahon 1s - . . The figure quoted 
1s the number of mls of standard AgN0
3 
solution required to titrate the 
bromide ion produced. 
b The calculated infinity 1s the value calculated from determination 
of the purity of the starting alkyl bromide. 
c Due to the slow reaction rate the titrated infinity was not 
determined. The time required to react a sample to infinity would have 
been 560 days. However, the n-propyl bromide was analysed for bromine 
content and this, together with the single peak V. P. C. trace of the n-
propyl bromide, verified the compound as greater than 99. 7 % purity. 
Therefore the calculated infinity derived from this figure was used 
in the kinetic equation. 
(b) Solvolysis Reactions of alkyl halides in acetone-water mixtures 
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The general form of the reactions studied in this class is presented 
1n eqn 20 and the kinetics used are in eqn 14. 
-1-
R CHXCH R-~>R CH-CH RP-~>Products 
o. 2 P O 2 Eqn 20 
XI I 
( I) Rate con stants were determined for solvolysis reactions of 
several alkyl halides by determination of the rate of halide ion 
production ( dBr - ) . The res.ults are presented in TABLE IV and the 
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dt 
estimated error in the values quoted is~ 5 %. The results are expressed 
as logarithms of the first order rate constant which is in units of sec - l 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1 
12 
13 
14 
15 
16 
17 
TABLE IV 
First order rate constants for solvolysis of substituted 
halo ethanes (XII) in acetone-water mixturesa, c 
R CHX CH R 
a. 2 ~ 
lo g k 
R R X %a ce- Temp. 
1 
( 1 ) a ~ OC tone 
H CH3 
Br 50 100 -4.25 
CH
3 
fl II II 75 -4.27 
C6H5 
II II II 0 -4.62 
II II II II 25 -3.29 
II II II II 75 -
4N0
2
-c
6
H
4 
II II II 75 -4.39 
CH
3 C6H5 
II II 75 - 5. 15 
II 4NO -C
6
H II II 75 -5.25 
2 4 
C6H5 CH 
II 90 75 -4.04 
3 
II 
C6H5 
II II 75 -4.41 
4CH
3
-c
6 
H
4 
CH II II 25 -4.65 
3 
II fl II II 50 -3.4 8 
II II II II 75 -
C6H5 
II Cl II 100 -4.59 
4CHO-C
6
H II II II 0 -4.22 
3 4 
II II II fl 25 - 3. 0,5 
II II II II 100 -
( II) Footnotes TABLE IV 
( 2) log k 1 
-4.26 -4.25 
- 4.25 -4.26 
-4.62 -4. 62d 
-3.29 -3.29 
b 
- -1. 16 
-4.37 -4.38 
- 5. 15 - 5. 15 
- 5.25 -5.25 
-4.04 -4.04 
-4.41 -4.41 
- 4.65 -4.65 
-3.48 -3. 48 
b 
- -2.47 
-4.59 -4. 59 
-4.22 -4.2 2 
-3.05 -3. 05 
-
b 
-0. 49 
a Except where stated the concentration of alkyl halide was 0. 02 M . 
The sol vent mixtures are expressed as % volume - volume . 
1000 
b Extrapolated via an Arrhenius plot of log k
1 
vs. T from 
results at other temperatures. 
c All rate constants in TABLE IV were determined by analysis 
of the halide ion produced using potentiometric AgN03 titrations. All 
determinations were carried out in duplicate with freshly prepared 
solutions. 
d The concentration of l -bromo-1-phenyl propane was O.01 M. 
( III) Controls 
( a) Materials used 
All compounds described under the corresponding section 
succeeding TABLE I were all used as previously described. 
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The two new compounds in TABLE IV are l-chloro-1-phenyl 
propane, which was used > 99 % pure ( NMR, chloride analysis and 
infinities as previously described) and l -chloro-1-( 4-methoxyphenyl) 
propane, which, similar to 2-bromo-1-phenyl propane and l-bromo-1-
( 4-methylphenyl) ... opane could not be purified by any technique available 
due to dehydrochlorination to the trans olefin which is the initial 
contaminant. The material used was verified to be 88 % pure alkyl 
chlor ide by the same agreement of NMR analysis , chloride analysis 
and reaction infinities. 
(b) Analytical methods 
It was demonstrated that the analytical procedures used 
accura tely determined the concentration of halide ion. The bromide 10n 1n 
1 and 2 ( TABLE IV) was determined by quenching the reaction sample 
in water and titrating potentiometrically with AgN0
3
,while in 6, 7, 8 
and 14 the sample was quenched in so% acetone ... water and titrated with 
the AgN0
3 
solution . In 3, 4, 9, 10, 11, 12 , 15 and 16 the sample was 
quenched into toluene, extracted into water and titrated \Vith the AgN0
3 
solution . It was also verified by experiment that none of the alkyl halides 
1n TABLE IV decomposed during the analyses . 
In this section the important information \Vas the rate constant 
for formation of a carbonium ion ( log k in TABLE IV). Therefore no 
1 
quantitative product analyses were performed to determine the amount 
or nature of the olefinic products or similarly observe substitution 
products (alcohols of the same or rearranged structures of the parent 
alkyl bromide). However, qualitative tests on several solvolyses using 
V. P. C. showed the major product to be the trans conjugated olefin. 
( c) Inf ini ties 
Titration infinities were determined for all the reactions in 
TABLE IV. All titration infinities correlated with the corresponding 
calculated infinity to within"±" 3%, e.g. see the Infinities section 
following TABLE I. 
( d) Extrapolations 
Since the reactions reported 1n TABLE IV could not all be 
carried out on alkyl bro1nides in the same acetone-water mixture and 
at the same temperature, various extrapolations were necessary to 
obtain results which could be compared in a theoretical analysis. 
( i) Temperature extrapolations. In TABLE IV, 5, 13 and 17 were 
determined by extrapolation of results at lower temperatures. This 
. d . h A h . · 9o b 1 ( ) was carr1e out using t e rr en1us equation e ow eqn 21 
which reduces to 
k Ae 
/
,1 
log k T 
-Ea 
-
2. 303R + Const. 
1 
1. e . a plot of log k vs. T should be a straight line 
1 
By a reading at any T value on the resulting 
log k was determined for the required temperature. 
eqn 21 
-Ea 
of slope 2. 303R 
graph the value of 
Following are the results for the extrapolation of the rate 
constants for solvolysis of l -chloro-1-( 4-methoxyphenyl) propane 1n 
90% acetone-water at 0° and 25°C to the rate constant at l00°C. 
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TABLE V 
Arrhenius Results for solv~lysis of l-chloro-1-( 4-methoxyphenyl) 
propane in 90% ace tone -water 
0 0 1000 10 5k Temp. C Temp. A T 
0 273 3.6630 6.02 
25 298 3.3557 88.6 
75 348 2.8736 6080 
100 373 2.6810 32500 
( ii) Changes in sol vent mixture and leaving group 
There was a great range in solvolys is rate constants 1n 
TABLE IV which depended on the structure of the compound. The 
range of results was large for comparison of p-substituted l -halo-1-
phenyl propane derivatives where the p-nitro compound was 
approximately 10 3 slower than the p-hydrogen compound which was 
approximately 1 o4 slower than the p-methoxy compound. This range 
7 
of 10 could not be accommodated by varying the temperature. Two 
other variations were possible and these were to change the solvent to 
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a less solvolysing media (i.e. from so% acetone-water to 90 % acetone-
water) or to change to a poorer leaving group ( from bromide to chloride). 
The effect of changing solvent was computed by determining 
the solvolysis rate of one reference compound in both solvent mixtures 
and comparing the rate of a second compound to it. The rate differences 
could then be calculated and the assumption is made that the rate 
difference in 90 % acetone is approximately equal to the rate difference 
in so% acetone. Theoretical justification for this assumption is found 
. 30 in the Winstein-Grunwald equation for sol volys1s . The compounds are 
very similar, varying only in aromatic substituents. Therefore, changing 
the solvent mixture should not greatly distort the rate differe nce between 
two para substituted phenyl propane derivatives. The same rationalisation 
can be used for changes in leaving group. It should be emphasised that, 
although this aspect has not been comprehensively investigate d 1n 
this the sis, similar forms o f extrapola tions have been appl ied 
9-13, 17-20, 25, 33 
successfully elsewhere . 
However, the magnitude of any possible error could not be 
7 
anywhere as large as the rate differences of up to 10 observed for 
changes in para substituents in th e l-halo-1-phenyl propan es. A valid 
test of this approach is the linearity of the Hammett p - CY plot of the 
solvolysis results [figure ( s)] and comparison of the p value determined 
to other p values for similar solvolyses reported by Leffler and 
Grunwald4 0 which demonstrate that any errors are insignificant. 
( c) Bimolecular substitution and elimination reactions of 
alkyl bromides with NBu
4
Cl in DMF 
The general form of the reactions studied 1s 1n equation 22 
+ Cl ) Ra C H = C H RP + 
+ Cl + Br 
R CHCI-CH RP 
Cl 2 
+ H+ 
Eqn 22 
The overall rate constant kE+S was determined and split into 
2 E S 
components of dehydrobromination ( k ) and substitution ( k ) . The 
2 2 
results are presented in TABLE VI. They are expressed as 
logarithms of the rate co~stant (log kE+ S etc.) and the accuracy 
2 
of determination is estimated at! 5% of the value quoted. The rate 
constants were calculated using Eqn 8 . 
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TABLE VI 
Bimolecular rate cons ~nts for d e hydrobrom ination 
and substitution (dBr) reactions of substitute d bromo 
dt 
ethanes (XI) with NBu
4
Cl in DMF 
E R log kE+S Feb No. R Temp lo g k 
a i3 2 2 oc ( 1 ) ( 2) 
1 CH
3 
CH 25 -3.44d - 0 -
3 
2 C6H5 CH 
II 
-2.20 -2 0 15 0.86c -4.2 3 
3 4CH
3
C
6 
H
4 
CH II -1. 75 -1.76 0 -
3 
4 4NO c 6
H CH II -1.74 -1.74 0 -
2 4 3 
-4. 10d 5 CH3 C6H5 
II 
- 15 -5.00 
-3.70d 6 CH
3 
4N0
2
c
6
H
4 
II 
- 17 -4.47 
d 
7 CH3 4CH3oc6 I\ II -4.58 - 14 -5.07 
8 C6H5 C6H5 50 - 1. 7 9 - 1. 81 18 -2.55 
Footnotes TABLE VI 
4 3 
s 
log k
2 
-3.43 
- 2. 1 7 
-1. 76 
-1.74 
-4.24 
-3.78 
-4.24 
- 1. 89 
a The concentration of reactants was NBu
4 
Cl = 0. 04 Mand alkyl bromide 
= 0. 02 M. Reactions were followed by analysis for bromide ion produced 
and chloride ion lost. In all cases the acid produced was measured and 
this agreed with the chloride ion lost. 
b Except where stated, the fraction of elimination ( Fe) was determine d 
titrimetrically by measurement of the acid and bromide produced. T h e 
uncertainty in the measureme n t is estimated as+ 2. 0%. The result is 
expressed as a percentage of the total elimination plus SN reactio n s. 
2 
c The Fe was determined by V. P. C . . 
d The titrimetric analyses were performed by Mr. R. I. Tilley. 
Controls 
( a) Materia ls U s ed 
The purity of the alkyl bromides and difficulties in handling s ome 
of them have been described in the Controls Section fo llow i ng TABLES I 
and IV. 
( b) Analytical Methods 
Analysis of artificial mixtures demonstrated that the analytical 
procedures accurately determined the concentration of bromide ion, 
chloride ion and acid produced. The concentration of bromide ion and 
chloride 10n was measured by potentiometric titration with aqueous 
AgN0
3 
solution. The mixed halide titration was performed in saturated 
barium nitrate solution vvhich decreases co-precipitation of chloride 
ion and bromide ion so that two end points were observed 27 ' 55 
(The first for complete titration of the bromide ion present and the 
second for complete titration of the bromide plus chloride ion. ) 
The acid produced was determined by titration with NaOMe/MeOH 
solution ( described in control section after TABLE I). The acid 
production was not measured for all reactions reported in TABLE VI 
However, in all cases where the fraction of elimination was determined 
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by both chloride ion lost and acid produced the results agreed to within"! 2% 
In all the reactions in TABLE VI the potentiometric titration was 
carried out by quenching a 5 ml sample of reaction mixture into 20 mls 
of toluene, extracting with water and titrating the aqueous solution with 
standard AgN0
3 
solution. It was verified by experiment that none of the 
alkyl bromides or the NBu
4
Cl reacted or decomposed during the analysis. 
The fTaction of elimination was determined by V. P. C. in No. 2. 
However, the technique will be described later in the V. P. C. section. 
( c) Solvolysis reactions 
All the alkyl bromides were tested to determine whether there was 
any significant competition of solvolysis with the bimolecular substitution 
and dehydrobromination. In the corresponding section following TABLE I 
it was reported that with two compounds the rate of solvolysis was 
significant and the bimolecular reaction had to be corrected because of 
the relatively rapid rate of solvolysis. 
In all the reactions reported in TABLE VI solvolysis of the alkyl 
bromide was negligible or undetectable. As expected from TABLE IV, 
the solvolysis reaction was greatest for l-bromo-1-(4-methylphenyl) 
propane ( No. 3). Even in this case the solvolysis was less than 2% in 
one half life of the bimolecular reaction. Since the reaction of interest 
in this section was the SN reaction of chloride ion and not the 
2 
dehydrobromination reaction, then this amount of solvolysis was 
negligible. 
( d) Infinities 
Titration infinities were determined for all the reactions 
. 
1n TABLE VI. All titration infinities agreed to within-+:_ 3% with the 
calculated infinities. 
( d) Bimolecular substitution and elimination reactions of substituted 
bromo ethanes (XI) with NBu
4
0Ac in DMF and KOt-Bu in t-butanol 
The general form of the reactions studies are in Eqns 23 
and 24 
R C H Br C H
2 
R + 0 Ac -
0 p >R CH= CHR+ R CHOAc-CH Rn Q. p a 2t' 
+ Br -t- H OAc 
Eqn 2 3 
R CH Br CH R + !- BuO 
0. 2 p 
--~R CH= CHR + Br- + t-BuOH 
a p 
Eqn 24 
E+S The overall rate constant k was determined and split 
and subs ti tut ion ( k ~) • 
2 
into components of dehydrobromination (kE) 
2 
The results are presented in TABLE VII. They are expressed as 
logarithms of the rate constant (log kE+S etc.) and the accuracy of 
2 
determination is estimated at+ s% of the value quoted. The rate 
constants were calculated using eqn 8. 
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No. 
1 
2 
3 
4 
5 
6 
7 
TABLE VII 
Bimolecular rate constants for dehydrobromination and suts titution ( dBr ) reactions 
dt 
of substituted bromo ethanes (XI) with NBu
4
0Ac in DMF and KO t-Bu in t-butanol a, b 
R CHBrCH R 
a 2 f3 
XI 
R Rf3 
log kE +S h lo g k E f 
Base Temp. Fee a 2 2 
oc ( 1 ) ( 2) 
C6H5 CH3 
KOt-Bu 75 -2 . 84 -2.86 100 -2.92d 
-
C6H5 C6H5 
II 25 -Z.84 -2. 8 7 100 -2. 85 
II II II 46.3g 
-2.01 -Z.01 100 -2. 0 1 
II II II 75 - - 100 - l .0 6e 
CH3 C6H5 
II 75 - l . 66 -1.67 100 - 1 . 6 7 
C6H5 CH3 
NBu4 0Ac 25 -0.93 -0.89 8 -Z.00 
C6H5 C6H5 
II 0 -z. 13 - 78 -2.24 
s log k 
2 
-
-
-
-
-
-0.94 
-2.79 
~ 
O' 
Footnotes TABLE VII 
a The concentration of reactants was KOt - Bu = 0 . 04 M, alkyl 
bromide = 0. 02 Mand NBu
4
0Ac = 0 . 04 M, except \vhere otherwise 
stated. 
b k~+ S 1s the overall second order rate constant and k~ 1s the 
second order rate constant for dehydrobromination and k~ is the 
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second order rate constant for substitution ( all in units of litre/mole / 
sec ) . 
C Fe 1s the fraction of elimination expressed as a percentage of 
the total bromide production It was determined titrimetrically 
and by V. P . C. 
d Corrected for the small amount of sal t a ssisted solvolysis 1n 
the presence of Bu ClO . 4 4 
e Extrapola ted by means of an Arrhenius plot from the results 
at lower temperatures. 
f The rate constant kE q uoted for dehydrobromination is for 
2 
forma tion of trans olefin only . Some re actions were carefully analysed 
for cis, trans and Hoffman olefins . The results of this are quoted 
1n a follo wing table . 
g_ The concentration of alkyl bromide was 0. 000128 Mand the 
KO tBu = 0 . 04 M . The result was determined by U. V. spectroscopy 
and followed at 2 55 mµ and 3 09 mµ. The kinetics used are shown in 
eqn 16. 
h Where two re sults a re quoted this represents duplicate r uns 
with freshly prepared solutions . 
Controls 
( a) Mate r ials 
The handling of all the materials used in this section has been 
descr ibed previously or is treated in the experimental section. 
( b) Analytical e thods 
All the r eactions in TABLE VII we re analysed for base by 
que nching a 5 ml sample of reaction mixture into excess E_-to luene 
4 8 
sulphonic acid and back titrating w i th NaOMe in MeOH ( see Expe r im ental 
section). The neutral solutie,n was q t.ienched into tolue n e and extra c te d 
with water. The aqueous layer was titra ted for hal i d e ion potentio-
metrically with aqueous AgN0
3 
solution. In all cas e s the base con sumed 
was equal to the halide ion liberated. The fraction of e liminati on could 
not be easily determined titrime tr icall y be cause the acid produ ced 
and SN substitution each remove the b a se. Therefore the p r oportion s 2 - -
of substitution and elimination products w ere determined by V. P. C. 
The methods of analysis were tested on blanks to show 
that they accurately determined the bromide ion and acid produced. 
It was also found that none of the reactants decomposed during the 
analysis. 
( c) Extrapolations 
The only extrapolation in TABLE VII was result no. 4 ·which 
was arrived at through a simple Arrhenius temperature extrapolation. 
( d) Sol voly sis reactions 
Except for result No. 1 1n TABLE VTI, the solvolysis reaction 
was indetectable in the presence of NBu
4 
ClO 4 ( lutidine was also added 
in t-BuOH). In No. 1 the bimolecular rate constant was corrected for 
solvolysis using the equation 
k~ k~ obs k 1 [Base] 
The solvolysis accounted for 20% of the total reaction and 
the rate constant was determined ( log k = 1. 08 x 10 -S sec - l). Also 
1 
9. 5% substitution products was found and verified. However, this was 
accounted for by the unimolecular solvolysis so that the Fe of the 
bimolecular reaction was effectively 100%. 
( e) Inf ini ties 
Titration infinities were determined for all th e reacti ons 
1n TABLE VII except for No. 3 which was measured using U. V. spectroscopy . 
All titrated infinities agreed to within 3 % of calculate d v a lues. 
l 
I 
R 
0 
(e )  Salt assisted solvolysis reactions of substituted halo ethanes (XII) 
The gene ral forL1. of the re actions studied is in eqn 2 5 
CHXCH R 2 p 
( X 11 ) 
) + R CH C H
2 
R 
<> ! ' ' p + X 
solvolysis products Eq n 2 5 
Rate constants were determined for solvolysis reactions 
of several alkyl halides by determination of the rate of halide ion 
dX 
production ( dt). The results are presented in TABLE VIII and the 
estimated error in the values quoted is "i:' 5 %. When st rongly basic or 
nucleophilic anions are used it is assumed that there is no competing 
bimolecular reaction because the unreactive anion perchlorate ion 
causes faster salt assisted ionisation. The results were c al cula ted 
using eqn 14 and are expressed as logarithms of the first order rate 
- 1 
cons tan t which is in units of sec . 
TABLE VIII 
First order rate constants for salt assisted solvolysis 
of substituted halo ethanesa, d (XII) 
R CHX CH R 
a XII 2 f3 
2 No. R R X Temp Salt 10 M Sol vent 
a f3 Conc n . 
log k 
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1 oc 
1 4CH o-c
6 
H CH Cl e 75 NBu4 
Cl 3. 89 Me co - 4 .33b 3 4 3 2 
2 II II II 11 II 7.88 11 -4. 1 7 
3 II II II II NBu
4
c10
4 4 .61 
II 
-4.21 
4 4Cf\C 6 H4 
II Br II 11 9.22 II -4. 55 
5 II 11 II 11 11 4.80 t-BuOH -3.64 
-
6 II II II 11 KO t-Bu 4.28 II -3.60b 
-
7 II II II II C II -3 .88 -
-
8 C6H5 II II 11 NBu4 c104 4.80 
II 
-4.97 
50 
Footnotes TABLE VIII 
a The concentration of alkyl halide was 0. 02 Mand 2, 6-lutidine = O. 0 5 M. 
b The result was duplicated with freshly prepared solutions and the 
two results agreed to within~ 2 %. 
c The magnitude of the salt assisted solvolysis was indicated by 
carrying out this determination in the .presence of 2, 6-lutidine with no 
salt present. 
d A prime purpose of these results was to show the rate of salt assisted 
ionisations more closely correlated with ion pair association rather than 
nucleophilicity or basicity of the anion. 
e This value was used to estimate a rate constant for bromide promoted 
dehydrobromination of l -bromo-1 - ( 4-methoxy phenyl) propane which could 
not be synthesised. A value was determined from the chloro derivative 
in its reaction with chloride ion by allocating no more than so% of acid 
production ( a very generous amount) to an E
2 
C reaction and assuming 
that chlorine is removed not more than 100 times more rapidly than 
bromine in E C reactions. This is a generally accepted figure for the 
2 
difference between chloride promoted dehydrochlorination and bromide 
b . . 8,9, 14c, 17-22 promoted dehydro rom1nation . 
Controls 
( a) Materials used 
l-Chloro-1-( 4-methoxyphenyl)propane and l-bromo-1-( 4-methylphenyU 
propane were both used as 90 % pure compounds, the major impurity 
being trans-1-arylpropene. This method of handling this type of mixture 
was discussed previously in the sections following TABLEs I and IV. 
( b) Analytical methods 
The important aspect of this work was the rate of formation of the 
carbonium ion intermediate. Therefore the production of chloride or 
bromide ion was followed analytically as this is a direct measure of the 
rate of formation of carbonium ion. 
All reactions in TABLE VIII were followed by quenching a 5 ml 
sample of reaction mixture into toluene and extracting the solution with 
water and titrating the aqueous solution potentiometrically with standar d 
AgNO . 
3 
Although the products were not important 1n terms of the 
kinetic study, they were check.:;d by V. P. C. In acetone the solvolysis 
gave ) 98% trans -1-ar yl propene, while in t - BuOH up to 30 % substitution 
product was found. It should also be note'd that the 2, 6-lutidine was added 
to stop back addition of the hydrogen halide to the olefin. It has already 
been repor ted that 2, 6-lutidine does no.t change the rate of reaction. 
( e) Inf ini ties 
Infinity titrations were determined for all reactions 
reported 1n TABLE VIII and all values agreed to within"±" 3 % of calculated 
values. 
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( f) Bimolecular rate constants for dehydr obromina tion, dehydroto sy la tion 
and substitution reactions of ~-1, 2-disubstituted cyclohexanes ( XIII) 
The reactions studied in this section gave a multiplicity of 
products. There were many possible reaction pathways, several of 
which gave the same products . The scheme for two specific cases are 
presented in Figure ( 2) and Figure ( 3). 
E+S 
The o verall rate constant k was determined and split 
2 E 
into components of dehydrobromination and dehydrotosylation ( k ) and 
2 s 
substitution k . 
2 
The results are presented in TABLE IX. They are 
which is in 
E-tS (k2 etc . ) expressed as logarithms of the rate constant 
- 1 -1 
units of litres mole sec 
The accuracy of the determination is not as good as for 
reactions in TABLES I, IV , VI, VII and VIII because of the multiplicity 
of the reaction pathways available and analytical difficulties associated 
with identification of these pathways . The estimated error is ~ 20 % of the 
value quo ted, which includes uncertainties in the kinetic and product 
analyses as well as the previously mentioned complications. 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
TABLE IX 
Bimolecular rate constants for dehydrobromira. tion, dehydrotosylation and substitution 
reactions of cis-1, 2-disubstituted cyclohexanes ( XIII) 
y 
( XIII) 
-
1 kE-+S 
• ED 5D 
Fee X y Base Sol vent Temp. log k log k 
oc 
og 2 2 2 
C EtOH 50 > 98 -0. 8d Br Br NaOEt - l 7 -.... . 
Br OTos II C II 75 > 90 -3.0d -
-3.4 
" 
II II C II II > 90 -2.5 g -
II NBu
4
Cl 100 d f II Acetone - < -4. 3 -
-2.5 f II II II II II 
-
-3.6g -
C 
" 50
1 d f II II NBu
4
0Ac < -2. 5 -
-
-2. 5 f II II II C 
" 
Ill 
-
-1. 7 g 
-
OTos OTos 
h 
NBu
4
Cl II 100 -2.8 45 -4. 1 g -4.0 
II 
" 
C II 1 
-2. 1 g 
-1. 6 NBu OAc 75 -1. 5 30 4 
(J1 
N 
Footnotes TABLE IX 
a Concentration of reacta1 ts, except where otherwise stated, were 
base== 0.04 M, RXY =0.02 Mand 2,6-lutidine =0.04 M. Results we re 
determined by following bromide ion production, acid production, loss 
of base and production of organic products by V. P. C. 
0 b Extrapolated to 75 C from results at other temperatures. 
c No lutidine present. 
d Rate constant for dehydrobromination. 
e Verified by V. P.C. analysis . The fraction of elimination 1s 
expressed as a percentage of total reactions. 
f Due to multiple pathways leading to the same product, no attempt 
s 
has been made to estimate log k
2 
or Fe. 
g_ Rate constant for dehydroto sylation. 
h OTos re pre sen ts :e.-toluene sulphonate ( tosylate ). 
1 Concentration of NBu 
4 
OAc == 0. 03 M and RXY = 0.015 M. 
Specific reaction schemes 
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· The rate constants quoted for cis-2-bromocyclohexyl .P_-
toluene sulphonate and cis-1, 2-di-.12..-toluene sulphonate in TABLE IX 
are not as accurate as previous rate constants. This is due to the many 
reaction pathways open to the two compounds. These are shown in 
figure ( 2) and figure ( 3). 
However, it should be noted that the errors involved 
1n determination of the rate constants are not of significant magnitude 
to affect their theoretical discussion presented in later sections. 
HY 
HY 
Br 
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Figure 2 
Bimolecular Reaction Pathways available to the reaction of 
' 
cis-2-bromo cyclohexyl E_-toluene sulphonate (XIV) with a nucleophile Y. 
Br 
SN 
2 
( 
Br y 
trans 
Br . OTos 
CIS 
( Z I Y) 
Br+ 
y . y 
CIS 
Y OTos 
trans 
E 
2 
HY 
+ 
Br 
OTos 
OTos 
Figure 3 
B im olecula r Reaction pathways available to the reactio n of 
c is -cyclohexyl -1, 2- di -.E_- toluene ~ulphonate ( XV ) with a 
n u c le o phile y -
y 
HY 
+ 
OTos -
OTos 
y 
+ OTos-
y 
c,s 
OTos OTos 
c,s 
(XV) 
SN 2 
Y OTos 
trans 
~ 
OTos 
y 
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2 
HY 
+ 
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The reactions were analysed by V .. P. C., titration of acid, brom ide 10n 
and base . The results presented in TABLES X and XI were used to 
determine two of the rate constants quoted in TABLE IX. The SN 
, 2 
substitution by Y - accounted for up to 30 % of the total reaction with 
cis-2-bromo cyclohexyl E_-toluene sulphonate and up to 70 % in reactio ns 
o f cis-cyclohexyl-1, 2-di-E_-toluene sulphonate. 
TABLE X 
Proportions of products from bimolecular reactions of cis-2-
b romo eye lohexy 1 .I2. - to 1 ue ne sul phona te with various bases. 
Q Q Q %Y - % Br-Base Solvent Temp. oc ~onsumed produc 
OTos Br y 
NaOEt C EtOH 50 26g 66a 8c 108 
d II e 85a f NBu OAc Me CO <15 - 23 4 2 
NB Clb' d 11 100 ~ l 9e 81a f 30 u4 -
-
Footnotes TABLE X 
a By V. P. C .. analysis of O. 05 M reaction mixtures after 10 half lives, 
using authentic materials as standards . 
b Containing excess 2, 6-lutidine. 
c Expressed as a percentage of total organic products by V.P.C . 
d Expressed as a percentage of the acid produced. There are also 
substitution products as in figure ( 2). 
e Calculated by assuming that this is the only source of acid in 
addition to that produced from formation of 1-bromo cyclohexene and 
3-Y-cyclohexene, as in figure (2). 
f This compound was not detected, 1. e. < 1% . 
.& C alculated by assuming that this is the only other source of 
bromide ion and noting the absence of any other products b y V. P. C .. 
h Determined titrimetrically by potentiometric halide determination 
or acid-base titrations . 
35 
58 
28 
ed 
TABLE XI 
Proportions of products from reactions of cis-cyclohexyl-1, 2-
di-_p-toluene sulphonate with various bases in acetone 
5 7 
Temp. QOS Qv Q Q: % Y - % H+ Base oc y consumed pr o duc ed 
NBu Cla 48d 4b 6b 42d 56c 100 
4 
27d b b 40d NBu OAc 
C 
75 5 28 78 4 
Footnotes TABLE XI 
a Containing excess lutidine 
b By V .. P. C. analysis of 0. 05 M reac tion mixtures after 1 half life. 
Starting material does not decompose. 
c By titration. Recorded as a percentage of the total products. 
d Calculated from band.£ assuming that these are the only other 
organic products as in figure ( 3). They cannot be analysed by V. P. C. 
Clearly the study of 1, 2-disubstituted cyclohexyl systems is very 
complex. Although much information can be gained from the results 
54 
C 
C 
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in TABLE IX, the level of uncertainty in the results restricts their 
theoretical treatment to discussion of large effects and trends. Therefore, 
because of these limitations and the analytical difficulties associated I 
with the systems, it is recommended that this system should not be used J , 
to investigate the simple aspects of bunolecular transition states. 
Control s 
( a) Materials used 
All materials were used at > 98% purity as verified by V. p. C., 
N. M.R., elemental analysis and comparison of melting points and 
boiling points to values recorded in the literature. 
( b) Analytical methods 
Several methods of analysis were employed. Halide ions were 
titrated potentiometrically with standard AgNO solution and acid-base 
3 
titrations to determine acid and b ase present were carried out 1n 
acetone solution using standard sodium me thoxide in methanol and .E-
toluene sulphonic acid in so% acetone -ethanol. 
For nos. 1, 2, 3, 4, 5 and 8, 5 ml samples of reaction 
mixture were quenched into excess .E_-toluene sulphonic acid , back 
titrated with sodium methoxide in methanol using thymol blue as 
indicator. The mixture was then poured into 25 mls methanol and 
titrated potentiometrically with standard aqueous AgN0
3 
s olution . 
5 ml samples of nos. 6, 7, and 9 were quenche d into 
acetone, titrated for acid present with sodium methoxide in methano l 
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( thymol blue) and then back titrated for base present with .E_-toluene 
sulphonic acid in 80 % acetone-ethanol (bromo pheno l blue). The mixtures 
in nos. 6 and 7 were poured into 25 mls of methanol and titrated with 
AgN0
3
. V.P. C. analyses were performed at various stages of the 
reaction as described following TABLES X and XI. 
( c) Solvolysis reactions 
No significant solvolysis was detected in any reaction in 
TABLE IX. A remarkable feature of these compounds was their marked 
stability relative to the mono-substituted compounds. This aspect is 
discussed in detail in the Discussion section of this thesis. 
( d) Inf ini ties 
Titration infinities were not used as a verification of pur ity 
on complete reaction, because the figure measured is only a reflection 
of the partitioning of the reactants along the many reaction pathways 
available. 
( e) Extrapolations 
E S 
In TABLE IX the log k and log k values quoted are all 
2 2 
correct to the same temperature ( 75 °c). The extrapolations were made 
by assuming a tenfold change in rate for a 25°C change in temperature. 
Th · . h b . . f. d . 1 7 - 2 0 , 3 3 l 1s as sumpt1on as een Just1 1e previous as the norma 
temperature coefficient for an anion-neutral molecule type of reaction. 
Also, no evidence was found to suggest that such an assumptio n does 
55 
not hold for reactions of cyclohexyl compounds . 
( g) Bimolecular rate constants for th e d e bromo tosylation reactions 
of trans-2-bromo cyclohexyl__p-toluene sulphonate 
The general form of the reactions studied 1s 1n eqn. 26 
Q-Br + 2Y ) 0 + OTos- + Y-Y 
OTos 
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eqn 26 
The overall rate constants for de bromo to sy la tion, dehydro-
bromination, dehydrotosylation and substitution reactions of trans-2-
bromo cyclohexyl ..12-toluene sulphonate with NBu
4 
CN and NBu
4
ArS were 
dete rmined by following the production of bromide ion and the loss of 
cyan ide ion and ~-nitro thiophenoxide ion . The results are presented in 
TABLE XII and are expressed as logarithms of the overall rate constants 
which are in units of litres/mole/sec and the accuracy of the determination 
is estimated at "t s% of the value quoted. The rate constants were calcu-
lated using eqn 12. 
No. 
1 
2 
3 
TABLE XII 
Bimolecular r ate constants for debromo tosylation of 
trans-2-X cyclohexyl .12._-toluene sulphonate (XVI) with 
NBu
4
Ars and NBu
4
CN in DMF at 75°c 
X 
OTos 
(XVI) 
xb Base a, b 1 kE+S og 2 %DC 
DC 
log k
2 
( l ) ( 2) 
Br NBu
4
ArS -2.66 -2.62 92.5 -2.67 
II NBu
4
CN -1. 49 -1. 51 86 -1. 56 
O Tos NBu
4
ArS d d 0 d - - -
Footnotes TABLE XII 
a Concentration of reactants were base = 0. 04 M and 
trans-2-X cyclohexyl 12..-toluenesulphonate = 0. 01 M. 
b OTos represents .12-toluene sulphonate and ArS represents 
4-ni tro thiophenoxide. 
C D represents that part of the total reaction which gives 
debromotosylation and therefore produces cyclohexene. 
d The reaction was analysed by V. P.S .. after the infinity 
• 
amount of 4-nitro thiophenoxide ion had been removed and it was 
found that no cyclohexene was produced. Therefore it was not of any 
interest to determine rate constants. 
Controls 
( a)" Materials used 
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The trans-2-bromo cyclohexyl _£-toluene sulphonate and trans-
cyclohexyl-1, 2-di-E_-toluene sulphonate were prepared and purified by 
methods reported in the literature and described in the Experimental 
section. 
Care must be exercised in the handling of NBu
4
ArS because 
the _E-nitro thiophenoxide is rapidly oxidised by atmospheric oxygen 
to the disulphide. Therefore all analyses and reaction samples were 
handled beneath an inert nitrogen atmosphere. 
( b) Analytical methods 
Since _p-nitro thiophenoxide 1s readily oxidised, the analytical 
methods must be carefully controlled. For result No. 1, at each time of 
analysis, two 5 ml samples were cooled and one was quenched into excess 
£_-toluene sulphonic acid and titrated with methoxide in methanol using 
thymol blue indicator. The second sample was quenched into toluene, 
acidified, extracted \vith water and titrated with standard AgN0
3 
solution. 
For No. 2 samples were quenched into acetone, titrated with 
E_-toluene sulphonic acid (bromophenol blue) and poured into toluene. 
They were then extracted with water and ti tra t'ed with AgNO 3 . 
It was demonstrated that neither the reactants 0.or the 
products decomposed during the analysis procedure. 
The V .. P. C. ana lyses were performed, using standard 
techniques described in the Experimental section. It was also shown 
that the products did not react further with any species in the medium. 
( c) Solvolysis reactions 
Both compounds tested in this section showed indetectable 
solvolysis in one half life of the, slowest reaction 
( d ) Infinities 
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Infinity titrations agreed to within "2:- 3% of the calculated values. 
(c ) V. P. C. PRODUCT ANALYSES 
All titrimetric and V. P.C .. product analyses should be 
included in this section. However , the methods used for the analyses 
are repetitive. The results described here are those which were 
determined with the intention of closely following the olefinic product 
d istribution and where a kinetic result was of secondary importance. 
Therefore the only results included in this section are those olefinic 
product determinations which were used to elucidate the aspect of 
d ouble bond character in the E
2
C transition state. 
The olefinic products from dehydrobromination reaction of 
substituted bromo ethanes ( XI) are presented in TABLE XIII. The 
exact experimental techniques used for each analysis are described 1n 
the Experimental section. For each analysis either an internal standard 
o r another product as reference was used to allow for variation in 
sensitivity of the V.P.C. and variation of the injection volume. This 
technique proved most satisfactory and the estimated error in each 
result quoted in TABLE XIII is "±- 2% of the value quoted. All the olefins 
were identified by comparison with authentic samples and in several 
cases the major product was isolated, purified and its physical 
properties checked to verify its identity. Also artificial mixtures of the 
analysis result were made and tested by U. V. and N. MR s pectroscopy 
for comparison with the analysis result. 
I 
No. 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
l 1 
TABLE XIII 
Olefinic product distributions determined after dehydrobromination of various substituted 
bromo ethanes ( XI) for elimination towards Rf3 or into Ra a 
R CHBrC H R 
a 2 f3 
( XI) 
b 0 e 
Ra RS Base- Sol vent Temp. C % Olefins 
C cis- stilbene trans-stilbene 
C6H5 M e CO 98 C6H5 NBu4 Br 75 2 2 II II NBu4 0Ac DMF 25 0. 4 ~ 99.6 rr rr KOt-Bu t-BuOH 25 0.6 99.4 
- -
-rr rr NaOMe so% DMSO- 25 0.7 99 .3 
MeOH trans - 1-aryl cis - 1 -aryl 3-aryl 
C propene propene propene II CH
3 NBu4 Br Me 2
Co 75 99 l. 0 -
II II KOt-Bu t-BuOH 75 98.5 1. 5 -
- C -4N0
2
-c
6 
H
4 
II NBu
4
Br Me CO 75 98.8 l. 2 -2 CH
3 C6H5 
rr II 75 92.7 6.8 - 0. 5 
II II KOt-Bu t-BuOH 75 9 8. l l. 9 0.05 
- -
trans -2- cis-2- 1-butene 
-butene butene 
CH
3 
C 
Me CO 82 14 4 CH3 NBu4 Br 75 2 
2-me thyl- trans - 4 - methyl-c is-4 - methy 
2-pentene 2-pentene ~entene 
1-
C Hd CH3 d C ( CH3) 2 NBu4 Br Me CO 2 75 92 .5 7.4 0. 1 
-0' 
N 
Footnotes TABLE XIII 
a The most significant aspects of this table are the analysis of 
c1s and trans olefins and the determination of the relative % Hofmann and 
% Sa ytzeff olefins in the product. 
b Except where otherwise stated the concentration of reactants 
were Base = 0. 05 Mand RBr = 0. 02 M. 
c The concentration of reactants was NBu 4 Br = 0. 1 M, 
2, 6-lutidine = 0. 05 Mand RBr = 0. 02 Mo 
d There was considerable work 1n the literature for reactions 
of the E_-toluene sulphonate derivative. Therefore, so that this result could 
be directly compared to the literature results, the reaction and analysis 
were performed on the alkyl tosylate rather than the alkyl bromide. 
e The results quoted are expressed as a percentage of the 
total olefinic products resulting from the bimolecular reaction of the 
base and alkyl substrate. 
Controls 
Several methods of analysis were used, i.e. in terms of the 
relation of olefin to solvent and to column used on the V.P.C.. These are 
all documented in the experimental section. They can be represented by the 
following possibilities -
A reaction sample was analysed for only one compound and, 
because of the presence of salts, this compound was extracted into a solvent 
more volatile than itself and an internal standard was added to allow for 
minor technical variations. 
( 2) A reaction sample was analysed for two or more compounds 
and was extracted into a solvent more volatile than both compounds. The 
ratio of one compound to another was carefully measured. 
Where very volatile olefins such as the butenes and methyl 
pentenes were studied the mixtures were extracted into a solvent of less 
volatility and the ratio of one compound to another analysed. 
( 4) Some olefins were rapidly lost into the atmosp1:1.ere and so 
these were analysed by direct injection of the reaction sample into the 
V. P.C. which containe d a glass wool filled, glass injector insert which 
could be readily cleaned. 
(b) Reaction infinity analyses vs half life analyses 
I 
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Generally infinity sa1nples were analysed by V. P.C. -Iowever , 
1n some cases this \Vas unsatisfactory beca use products reacted further 
to give a new product composition. This was mainly experienced with the 
1, 2-disubstituted cyclohexyl derivatives. 
Another difficulty which arose was the problem of dehydro-
bromination of the reactant alkyl bromide to the product olefins, by a 
pyrolytic mechanism in the V.P.C .. injectors. This made essential the 
analysis of infinity reaction samples (i.e. samples reacted 10 or more 
half lives) which required further controls. These co ntrols, however, were 
common to all reactions analysed at infinity and some to reactions 
analysed at other reaction times. 
( i) Isomerisation of products. This can be coupled with 
decomposition of reactants. Isomerisation could be tested for in two ways, 
which involved testing the stability of an artificial olefin mixture or 
testing the stability of the product mixture with time ( so long as that 
mixture did not correspond to the equilibrium concentrations). The 
test to demonstrate the absence of a reactant which decomposed involved 
the combination of these two tests. That is, the products were shown not 
to isomerise and the infinity analysis to remain stable. 
( ii) Solvolysis of Reactants. When a small amount of one 
product was present it was important to show that this product was formed 
via a bimolecular elimination and not via a unimolecular solvolysis. The 
proof of this involved two tests which were the measurement of the 
relative rate of solvolysis in the presence of an inert salt such as 
NBu4 ClO 4 and the analysis of products from this reaction to show that the 
amount of the minor reaction product from the bimol e cular reactio n could 
not have arisen by a unimolecular mechanism . 
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In the case of the butenes this also involved measurement 
of the butenes formed from ·the tetra-n -butyl ammoniwn cation . 
( c) A typical test analysis 
The volume of V . P. C. analytical work carried out for this 
thesis is too large for all the results to be described. Therefore only 
a typical analysis will be describ~d. 
V . P. C. product analyses of the dehydrobromination of 
0 
l-bromo-1, 2-diphenyl ethane wi~h Bu4 Br in acetone at 75 C were 
carried out in the presence of 2, 6-lutidine. 
4. 80 ml samples of ·. 0987 M NBu
4
Br, • 0196 M RBr and 
0 
. 05 M 2, 6-lutidine in acetone were warmed at 75 C for varying times 
and quenched into 20 mls of pentane, washed with water and the pentane 
layer made up to 25 mls . 2 µl of this solution was then injected into 
th e P. E . 900 onto a 5% Apiezon L column at l 70°C and the cis - stilbene 
was studied at 4X and the trans-stilbene at 40 X . 
No. 
1 
2 
3 
4 
Aver. 
TABLE XIV 
V. P. C. analytical results for dehydrobromination 
of l -bromo - 1, 2-diphenyl ethane with NBu
4 
Br in 
acetone in the presence of 2, 6 - lutidine at 75°C . 
T . a 1me 
30 hr 
65 
137 
161 
II 
fl 
II 
W b w . b t trans t c1s 
. 6 9 9 7 0 gm . 1 5 7 4 5 gm 
. 70585 fl 
• 50773 II 
. 56445fl 
o 12805 II 
. 11867 fl 
. 11790 II 
C C ClS 
. 16888 
. 13735 
. 12728 
. 1265 6 
of. . d ;o ClS 
2.3 
1 . 6 
2.0 
2. l 
2.0 
Foo tnotes TABLE XIV 
0 
a The period of time the sample was warmed at 75 C. 
trans/ cis 
42 
62 
50 
47 
50 
b This value was determined by tracing the peak onto tracing paper, 
cutting out the peak and weighing it. 
c The value represents ~he weight of the . cis peaks multiplied by 
a correction factor ( 1. 0726) which was predetermined by measuring 
the relative molar responses of cis-stilbene and trans-stilbene. 
d The percentage of cis-stilbene in the total olefini c product s . 
( D) Equilibration of olefins 
It was necessary, for comf:arison with the results in the pr evious 
Product Analyses section, to determine the equilibration mixtures of 
several ol efinic systems. The results of the equilibration reactions 
performed for this thesis are presented in TABLE XV 
No. 
TABLE XV 
Olefinic proportions from equilibration of several substituted 
ethe nes R CH=CHR ( XVII) 
a {3 
R R Sol vent Temp. % Olefins d a {3 oc 
66 
DMFa 
cis - stilbene 
--
trans - stilb ene 
1 C6H5 C6H5 37 0.05 99.95 
trans-I- cis-1- 3-phenyl 
-phe nyl phenyl propene 
DMSOb 
propene propene 
2 C6H5 CH3 50 98.4 1. 6 0.03 
trans-2- cis-2- I -butene 
DMS0b' c 
butene butene 
3 CH CH
3 55 64 27 9 3 
Footnotes TABLE XV 
a Equilibration of cis-stilbene and trans-stilbene by iodine, 
irradiated by U. V. light in DMF solution by the method of Fischer 37 . 
b Equilibration was performed using KO!_-Bu in DMSO by the method 
o f Schrie she im 38 . 
c To verify the accuracy of our techniques we r epeated the 
determination reported in reference 38. 
I I 
d The estimated error in the determination is"±" 2 % of the re sult 
quoted. Each value quoted re})re sen ts the percentage of that component 
in the total olefinic prodqct mixtu re. 
Compariso n of techniques 
Two techniques were used for the equilibrations. The first method 
was to irradiate an iodine solution in DMF, with a narrow band o f U. V. 
I 
67 
light which caused activation of the iodine, causing it to add to the olefin, 
and allow free rotation about the t\vo carbon atoms terminating the double 
bond. The iodine is then removed and the olefin reformed. 
The second method is to react the olefins with KOt-Bu 1n DMSO. 
The strong base removes an allylic proton to give a carba n ion which 
can isomerise the double bond along the carbon chain and allow free 
rotation about the former double bond position. The carbanion may then 
protonate again and form any one of the olefins possible from that carbanion. 
The two methods both give good results and both have their 
advantages and disadvantages. The first mefhod is applicable only when 
the double bond is located in a fixed position and cannot migrate along a 
carbon chain, whereas the second method is ideal for olefins which are 
attached to alkyl chains, but can not be used for olefins which do not have 
an allylic proton. The two methods cannot be interchanged because they 
have different mechanisms of isomerisation and are therefore applicable 
to different olefinic systems. 
Controls 
It is necessary to establish that the values which are measured 
are representative of the true equilibrium proportions. This necessitates 
several tests -
( 1) The equilibra tions must be left to react for long periods dur ing 
which time regular analyses are performed. The mixture \vas cons idered 
to have reached equilibrium when several successive analyses gave 
the same result. 
( 2) The equilibrium \Vas approached from two directions and the 
.equilibrium constant from each direction agreed to "±" 5 %. 
6 8 
( 3) I It was verified that no decompo s ition of the olefins took plac e 
under the reactio n conditio n ·s by checkin g the to tal olefinic con c entr ation 
as \vell as the ol e finic distributions. 
( 4) The normal V.P.C. c ontrols were also performed to show the 
olefins did not react or decompose during analysis or that they did n ot 
I 
change proportions on quenching of the equilibration mixture. Most of 
these tests were checked by subjecting known mixtures of olefins to the 
analytical procedures and checking the final results. 
A typical equilibration dete rmina'tion 
The analysis of samples from the equilibration of cis-stilbene and 
trans-stilbene in DMF was carried out by direct injection of the DMF 
solu tion into the P . E . 900 gas chromatograph fitted with a 5 % Apiezon L 
column . Direct injection techniques were used because they enable 
rapid, accurate analyses and the only other contaminant , iodine, was 
e asily removed by reaction with copper mesh before injection into 
the V. P. C. 
( i) Proportional response of cis-stilbene and trans-stilbene 
2 microlitres of. 0926 Mcis-stilbene and. 0943 M trans-stilbene 
1n DMF was injected on Apiezon L column at 150°C and 1000 times 
atte nuation 
No. Weight of Weight of 
~trans 
cis-pe ak trans-peak ratio 
1 
.43425 gms • 48260 gms 
. 8998 
2 . 437 oo II 
.47010 II 
. 9 296 
3 
.45705 If 
. 49 825 II 
.9 173 
Aver. 
.4427 7 II 
. 48365 " .9 155 
Correcting the cis/ trans ratio for the difference 1n concentration 
cis/trans response 0.9323 
.. cis gives 0 . 9323 the response of trans, or trans gives 1 . 0726 the 
response of cis. 
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( ii) Analysis of the equilibration mixture. 
400 mls of . 0463 M cis- stilbene and . 0119 M iodine in DMF was 
irradiated with a Hanovia, ~edium pressure, mercury arc-lamp through 
a U. V. D.ight filter solution37 ' 39 at 37°C. 4 . 80 ml samples were treated 
with copper mesh and 2 microlitre samples were injected into the V.P.C. 
0 
at 150 C. Trans-stilbene was studied at attenuation 200X and cis-
stilbe ne at attenuation lOX. 
No. rradiation time Weight of 
ClS 
- ·-
1 18 hours . 043·60 
2 21 II . 02 200 
3 24 II . 01660 
4 43 II . 01250 
5 119 II .00945 
6 126 II . 00 888 
7 126 II . 009 38 
8 126 II . 00790 
Aver . 
Correcting for the proportional response 
[Ci S] 
actual [ ] trans 
Weight of [cis}_ x 10 3 [trans] 
trans 
1.41425 1. 54 
1. 27925 0.80 
1.40630 0.59 
1.35095 0.46 
1. 17495 0.40 
1. 14485 0.39 
1.0 55 95 0.44 
1. 14875 0.34 
+ 0.40-.06 
0.40 X 10- 3 X 1 . 0726 
0. 42 X 10- 3 "±" • 06 
The determination f rom the opposite direction, i.e. high purity 
trans-stilbene, gave the result 
Ave. 
1. e. 
[c is] 
[trans] 
[ cis] 
[trans] 
[:ran s ]/[ c i s] 
0. 50 X 10- 3 + .06 
-3 0.46xl0 
2,200 
( E) N. M. R. identification of compounds 
All the N. M. R. · spectra for compounds mentioned 1n the 
results section, except for cyclohexyl derivatives, are listed in 
TABLES XXX, XXXI, XXXII, XXXIII. 
N. M. R. analyses are not~ major part of this thesis and 
were only used to show how, by an analysis of a large cross-section 
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of related compounds, it is possible to establish normal T values and J 
values ( chemical shift and coupling constants). Compari son of the 
spectrum of an unknown compound with the spectra of identified 
compounds give s very good evidence for the structure of the unknown 
compound. 
If the N. M. R. data 1n TABLE XXX is examined it can be 
readily observed that a regular pattern is present. One of the most 
unstable compounds handled was l -chloro-1-( 4-methoxy phenyl) propane 
which could not be distilled, re crystallised, or purified by solution 
chromatography or V. P. C. The only method which afforded some 
purification was to rapidly filter a pentane solution through active 
carbon and evaporate the pentane under reduced pressure. 
N. M. R. analysis of the colourless oil indicated that the oil 
was a mixture of the alkyl chloride and anethole ( 1-( 4-methoxy phenyl) 
propene) in the ratio of 9: 1, i .e. the alkyl chloride was 90 % pure. This 
conclusion was arrived at by examination of the N. M. R. integration of 
the distant methyl groups labelled C in TABLE XXX and TABLE XXXIII 
which was a triplet in the alky 1 chloride at 9. 04 T and a doublet with 
the olefin at 8. 19 T. 
This analysis was verified by both the chloride analysis and 
the reaction infinities which, for the reaction with chloride ion in acetone, 
gave only one peak on the V . P. C. which corresponded to anethole. Also, 
if enough anethole was added to the oil to make a supposedly 80%-20 % 
combination of alkyl chloride and anethole, the N . M.R. spectrum of 
this mixture changed from the original in only one aspect, that being the 
integration of the distant methyls (labelled C) changed in ratio to 4: lo 
Examination of the synthetic procedure elu cidates th e 
problem even further. When hydro ge n chloride is reacted w i th th e known 
alcohol seve ral materials are possible i n the final mixture but some 
are unlikely and others can be elim i nated. T he only possibl e components 
are unreacted alcohol ( eliminated b y the·absence of deu te ro exchangeable 
I 
peaks as well as other characteristic signals), rearrangement pro du c t s 
( unlikely because the carbonium formed is already the most stable 
isomer and the absence of extraneous signals), olefinic products 
( anethole - by dehydrochlorinatio11 of the product and dehy dration o f 
the reactant), and the required alkyl chloride. 
It is quite clear that evaluation of an N. M. Ro spectrum of 
an alky 1 chloride, combined with various N. M. Ro tests, halide anal ys is, 
infinity reaction analyses, and V. P. C. analysis of reaction products 
verifies without any doubt the identity of the starting alkyl chloride. 
This technique of identification was used for several alkyl 
halides because they were either secondary benzylic halides ( under-
stably unstable) or alkyl halides which rearranged on distillation a n d so 
were not readily purified. N. M. R. spectroscopy was not utilised as 
the prime identification method but only to substantiate results from 
other techniques. This approach was utilised only with l-chloro-1-( 4-
methoxyphenyl) propane; l -bromo-1-( 4-methylphenyl) propane and 
2-bromo-1-phenyl propane. 
7 1 
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DISCUSSION 
A Charge distribution at the a carbon atom 
The problem of establishing the character and extent of charge 
development at C was approached by.using the transition state for a 
a , 
distinctly different type of reaction as a model for the E
2 
C 'like' 
transition state. 
Therefore, com par 1son of the rates of E 
2 
C 'l ike' reactions 
and solvolysis reactions was ~sed to identify the extent of positive 
charge development at C , while comparison of the rates of E C 'like 1 
a 2 
reactions and SN 
2 
reactions was used to infer Ca -base bonding in the 
E
2
C 'like' transition state. Also the rates of E
2
C 'like' and E
2
H 'l ike' 
reactions were compared to show the individuality of the E
2
H 'like' 
and E
2
C 'like' transition states. 
( i) Comparison of transition states for sol volys is reactions and 
E C 'like' (3-elimination reactions. 
-2----~-------------
4 14a 16 
Bunnett ' and McLennan have implied that f3-elimination 
reactions induced by weak hydrogen bases, but strong carbon nucleo-
phile s (e.g. halide and mer captide ions), proceed through a carbonium 
ion 'like' ( paene-carbonium) E transition state. This necessitates 
2 
considerable positive charge at C and very little negative charge at 
a 9-13 17-22 
Cf3 or positive char ge at Hf3. Winstein and Parker ' designate 
the f3-eliminations induced by these bases as E C 'like', i.e. C and 
2 
2 a 
Cf3 both have considerable sp character, little charge and the double 
bond well formed . The differences between the rate constants for 
E
2
C 'like'' and solvolysis reactions of various 1-para substituted 
phenyl-1-bromo propanes clarify the aspect of ,charge development at 
Ca in the E
2 
transition state. The results are presented in TABLE XVI 
and the reaction schemes are shown in Figure 4. 
TABLE XVI 
Rate constants ( log k) for ,E
2 
dehydrobromination ~nduced 
by NBu
4 
Br in acetone and solvolysis reactions of l -R-l -
brom9 propanes (XVIII) 
R-CHBrCH
2
CH
3 
(XVIII) 
R E ca SN 1 + El 
C +£ 
a 2 
log k 
2 
log k 
1 
H -5.94 -8. 1 d -
CH
3 
-4.68 -7.2 d -
-7.3d 4N0
2
c
6
H
4 -3.58 0.790 
C6H5 -3.36 -4.04 0.0 
4CH
3
C
6
H
4 
-2. 91 -2.47 -0.311 
4Cf\OC 6 H4 
b e 
-0.778 < -1. 4 +o. 1 
Footnotes TABLE XVI 
0 
a Results from TABLE I at 75 C. 
. 
b This result is estimated by the method described 1n Footnote e 
TABLE VII. 
c Results are from TABLE IV and are for solvolysis in 90 % acetone 
0 
water at 7 5 C . 
d Extrapolated from results 1n so % acetone water 1n TABLE IV by 
assuming the sam_e solvent effect as observed for l-phenyl -1-
bromopropane 
e Extrapolated from results in TABLE IV for the chloro derivative, 
assuming the same substituent effect for solvolysis of chlorides as 
for bromides . 
f + The a values were reprinted from Ref ~ 40. 
73 
Figure 4 
Products for the reactions of 1 - R - 1 -bromopropane s XVIII 
' O 
with NBu C l in DMF at 25 C ( SN ) ; NBu Br in acetone at 
4 2 4 
75°c ( EC 'l ike'); KOt-Bu in t-butanol (E H'like') and 2 - - ' 2 
' thei r solvolysis in acetone water mixtures (SN 1+E 1). 
R C.., H Br C/.1. H C H 
"" , .. : 2 3 
NBuCI 
4 
XV 111 
RCHCICH CH RCH= CHCH 
2 3 trans 3 
+ Br-
SN + E 
1 1 
+ RC H-C H CH 
2 3 
RCH=CHCH 
trans 3 + Br 
+ H Br 
solvolysis products 
R=HCH CH 4-CHOCH 4-NOCH 4-CHCH 
I 3' 65' 3 64 ' 264 ' 364 
7 4 
75 
Rate constants for the E C 'l ike' dehydrobromination reactio n s 
2 
of bromide ion in acetone vary by only a factor of 5 times from R = 
4-nitro phenyl to R =4-methyl phenyl. However, the same change in 
substituents causes a rate incr~ase of 105 for the solvolysis reaction. 
If the 4-methoxy derivative is included the solvolysis range is 10 8 . 
Unfortunately, the rate constant fo r E
2
C 'like' dehydrobromination 
could not be determined but a ge.nerous estimate is made in TABLE XVI 
2 
which gives an E
2
C 'like' range of 10 The comparison o f the R 
methyl to R = phenyl result also illuminates the large differences 
between the E
2
C 'like' and solvolysis transition states. The E
2
C 'like' 
rate constant increases 20 times while the solvolysis rate constant 
increases 
A Hammet p-a plot can also be constructed as in Figure 5 
using rate constants in TABLES XVI and XVII. The graph consists of 
+40 
a plot of log k vs a for solvolysis, E C 'like' and SN reactions. 
2 2 
The p value determined for solvolysis is -5. 30 which compares 
favourably with p = -4. 54 for the solvolysis of 2-phenyl -2-chloropropane 
in 90 % acetone water at 2s
0 c 40 . The p value of < -0. 6 for the E C 'like' 
2 
reaction is clearly very much less than the p values usually obtained 
for solvolysis of benzylic compounds. 
According to the Hammond Postulate the transition state for the 
endoener getic first step of the solvolysis reaction must be very much 
like the energetic carbonium ion intermediate involved in the solvolysis 
reaction. Therefore the transition state for the solvolysis reaction is a 
good model for a "paene carbonium" E transition state, if it exists. 
2 
The comparative electronic effects of a substituents on the rate of the E C 
2 
0 
-2 
-J 
,-
0 
(0 
" -4 
-5 
-6 
-s 
para 
Figure . 5 
+ Hammett Plot of log k v5 a for E
2 
C 'like I d ehydrobromination 
SN 2 substitutio n and sol volysis reactions of para substituted 
l-aryl-1-bromopropanes as in Figure 4. The results are 
taken from TABLE S XVI a nd XVII 
0 
E2C like 
P<-0.6 
solvolysis 
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. p=-5.30 
-.s 
- .6 -.4 -.2 0 ,2 .4 .6 .8 
I 
CHO CH H N0
2 3 3 
+ C5 
'like' r eaction and the rate of the solvolysis reaction is, therefore, a 
measure o f the amount of pos itive charge at C 
a.. 
transition state . 
in the E C 'like' 
2 
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The E C 'like' transition state is ve ry insensitive to electronic 
2 
effect of substituents relative to the solvolysis transition state as 
exemplified by the rate constants in TABLE XVI and the Hammet p values 
of -5. 30 for solvolysis and <-0. 6 for E C ' like' dehydrorbomira tion of 
2 
l-bromo-1-aryl propanes . Clearly the E
2
C 'l ike ' transition s tate has very 
little, if any , positive charge at Ca.., i .e. the "paene carbonium" E 2 
transition state is not utilised for bromide promoted dehydrobrom inations 
of l -bromo-1-aryl propanes. 
( ii) Comparison of transi t i o n states for SN substitution reactions and 
2 
E C 'like ' (3-elimination reactions . 
-2 -
The nature of the charge distribution and bonding arrangement about 
C 1s further identified by comparison of the electronic and steric effects 
a.. 
of a.. substituents on the E 2 C 'like' transition state to their effects on the 
SN 
2 
and E
2
H transition states. The rate constants needed for such a 
compar ison are presented in TABLE XVII 
TABLE XVII 
Rate constants ( log k ) for SN , E C 'like ' and E H 'like' 2 2 2 2 
reactions of l-R-1-bromo propanes (XVIII), as in Figure 6 
and rate constants ( log k ) for the SN reaction of RCH
2
Br 
2 2 
( XIX) with NBu4 Cl in acetone at o
0 c. 
R SN ( XIX)a SN ( XVIII )b I E C( XVIII) c I E H ( XVIII )d 
2 2 2 2 
log k 
2 log kz l o g k 2 
lo g k
2 
H -0.8g -2. og 
-5.94 - 5 . 64h 
CH3 
£ 
- 6. 1 8h -3.4 -3.43 -4.6 8 
C6H5 - 1. 81 - 2. 1 8 -3.36 - 4. 7 2
1 
4N0
2
- c
6
H
4 -0.96 -1. 7 5 -3.58 -
4CH
3
-c
6
H
4 
-
-1. 76 -2.91 -
4CH
3
o-c
6
H
4 - 1. 41 -
<-l.4le 
-
Footnotes TABLE XVII 
a From Reference 13. 
b Results from TAB LE VI. 
c Results from TABLE I. 
d Determined at 25°C. 
e See Footnote e TABLE VII. 
f From Reference 18, extrapolated from values determined at 
other temperatures, by me<i1ns of an Arrhenius correlation. 
_g From Reference 21. 
h From Reference 28a. 
1 Extrapolated from results 1n TABLE VII at other temperatures by 
assuming the same activation en~rgy as for the reaction of 
l -bromo-1, 2-diphenyl ethane. 
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The rate constants for SN2 reactions of para substituted l -aryl-1-
bromo propanes in TABLE XVII show the same trends as the rate constants 
for SN2 reactions of Eara substituted phenyl bromo methanes. Electron 
withdrawal and electron donation both give increases in rate. The reasons 
for this are well understood 13 , and are due to the rate enhancement by both 
'loosening' and 'tightening' of the SN2 transition state. Although this effect is 
apparent, it is by no means a large effect. In fact, the SN
2 
transition state 
is relatively insensitive to the electronic effects of para aromatic 
substituents. The 4-methoxy benzyl bromide substitutes 3 times faster 
than benzyl bromide while in the solvolysis reactions the 4-methoxy 
derivative accelerates the rate 104 times relative to the 4-hydro derivative 
( TABLES XVI and XVII). 
The E 2 C 'like' reactions of 1-aryl-l-bromo propanes are similarly 
insensitive to electron donation and withdrawal. In Figure 5 the Hammett 
+ 
p - a plot is a slight curve, similar to the slight curve for the SN
2 
reaction. The evaluation of these results and the conclusions arising must 
be viewed with cautious reservation due to two inherent problems. The 
charging of a substituent may cause a shift in the position that the transition 
state occupies 1n a given mechanistic spectrum, e.g. the SN2 reactions 
. 13 
of benzylic syst~ms . Se condly, small variations in rate constant which 
involve only small free energy changes may be caused by slight differences 
in other aspects of the ground state and transition state, e.g. solvation 
of the ground state and transition state . It is certainly preferable to be 
considering large effects as found with solvolysis reactions of l-aryl-1-
bromo propanes in TABLE XVI. 
Irrespective of these problems, it is clear that both the SN 
2 
and E
2
C 'like' transition states are only slightly sensitive to electronic 
effects of a substituents. A measure of this rel ative insensitivity is the 
comparison of rate increments on changing R = methyl to R = phenyl 1n 
l-R-1-bromo propanes for SN
2
, E
2
C 'like' and solvolysis reactions. For 
SN 
2 
and E
2 
C 'like' reactions there is a 20-fold increase in rate while for 
the solvolysis reactions there is a 10 3 increase in rate. When it is 
considered that all systems pass through sp 2 hybridised transition states 
and within the spectrum of transition state structures available to SN
2 
reaction~ 3 there exists a structure which has almost as much charge at 
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C as the solvolysis intermediate and this structure is postulated as very 
a ' 
'loose' with markedly decreased steric considerations 25 , the difference 
between the 20-fold and 20 3 increments is even more remarkable. 
It is not clear why the SN
2 
transition state on changing R from 
methyl to phenyl to 4-methoxy phenyl in l -R-1- bromo propane does not 
move towards the very 'loose' extreme of the SN transition state spectrum 
2 
and undergo the large rate accelerations experienced for the solvolys is 
transitio n state. A simple explanation of the insensitivity of SN
2 
and E
2
C 
'like' reactions to electronic effects of a- substituents could be that the 
interactions of the leaving group and nucleophile on opposite sides of C 
a 
with both lobes of the developing p-orbital inhibits strong conjugation of the 
p-orbital with the n system of the be n zene rin g . This explanation infers 
Ca - base interaction in the E
2
C 'like' transition state. 
It is when steric effects are considered that the distinct 
differences between the E
2
C 'like' and SN
2 
transition states is apparent. 
Clearly this is because the SN
2 
transitio n state involves a o ne carbon 
I 
reaction centre and the E C 'l ike I transition state involves a two carbon 
2 
reaction centre. The E
2
C 'lik2 1 transition state is 'looser' than the SN
2 
transition state . Since non-bonding interactions fall off rapidly with 
distance 3, it would be expected that the steric retardation experienced 1n 
the SN 
2 
reactions should not be found with E
2 
C 'like I reactions. In 
TABLE XVII the rate of the SN
2 
reaction of XVIII decreases by 30 times 
on changing from R = H to R = methyl while the rate of the E
2
C 'like' 
reaction of XVIII increases 20 tin:ies. In the tight SN2 transition state 
steric hindrance is increased with increasing carbon substitution whereas 
in the 'loose' E
2 
C 'like' transition state steric compression is decreased 
relative to the ground state both at Cu and C~. Therefore the individuality 
of the SN 
2 
and E
2 
C 'like' transition states is established. 
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Therefore, in their response to electronic effects, of u 
substituents, the SN
2 
and E
2
C 'like' transition states are very similar 
14b but in their response to steric effects they are vastly different. Bunnett 
used the difference in steric effects of substituents as evidence to discard 
the E C 'like' transition state. However, he failed to consider other 
2 25 
major factors . 
( iii) Comparison of transition states for E · C 'like' and E H 'like' h}-
2 2 
elimination reactions. 
It was not possible to determine the rate constants for the 
KO-_!-bu promoted dehydrobromination of any _£ara substituted l -aryl -1-
bromo propanes other than the parent hydro compound. The E_ara-methyl 
and para-methoxy derivatives solvolysed too fast in !_-butanol while in 
the para-nitro derivative the nitro group reacted rapidly with the !_-
butoxide 55. However, the results for variation of R = hydrogen, methyl 
and phenyl in l -R-1-bromo propanes in TABLE XVII are sufficient to 
establish the distinction between the E
2
H and E
2
C 'like' transition states. 
The E 
2 
H 'like' transition state, as de scribed by Win stein and 
17 
Parker , is "paene carbanion like'' with relatively small charge developed 
at Cu. Therefore the rate of E
2
H 'like' reactions should not be greatly 
affected by changes in the electronic effect of u substituents or by 'normal 1 
---
steric changes in a substituents. As pointed out previously, the rate of 
E C 'like' eliminations of l-R -1-bromo propanes 1n TABLE XVII are 
2 
increased 20 times on changing from R = hydrogen to R = methyl and 
increased 20 times by changing R = methyl to R = phenyl. The rate of 
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E 2 H 'like' reactions are decreased 4 times on changing from R hydrogen 
to R methyl but increased 30 times by changing R = methyl to R = 
phenyl. Certainly it is difficult to separate steric and electronic effects 
on rate when such small rate differences are apparent but the trends for 
both reactions are clear. The rate variations for changing a-alkyl 
substituents in E 2 H eliminations are in accordance with a tight "paene 
carbonion" transition state while the :r:esults for E
2
C 'like ' eliminations 
are as expected for a product like transition state and have been thoroughly 
l . 14,17 ana ysed previous y . 
For eliminations promoted by KO-!_-Bu in !_-butanol the 
introduction of aromatic a-substituents as R in l-R-1-bromo propanes, 
because of the ability of phenyl gr oups to conjugate charge, moves the 
transition state towards Bunnett' s 4 central E
2 
mechanism. Such movement 
is in agreement with olefin product ratios for phenyl substituted compounds 
as discussed in a later section. 
The character of the E C 'like' transition state as determined 
2 
by comparison of a substituent effects 1n E
2
C 'like', SN
2
, solvolysis and 
reactions is 
only slight positive char ge at C , 
a 
similar arrang ement of groups about Ca in both the SN 
2 
transition state and E
2
C 'like' transition state, 
( c) an E 2 C transition state is a different total structure from 
both the SN
2 
and E
2
H transition states, 
(d) the results are consistent with a loose product like 
t.,..ansition state. 
B Charge distribution at the @ carbon atom 
The major question to be answered concerns the nature and 
extent of charge development at the (3 carbon atom. In view of the success 
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achieved, for the a carbon atom, by testing SN
2
, E
2
H and solvolysis transit ion 
states as models for the E C· 'like' transition state, a similar survey 2 ' 
was carried out for changes in ~ substituents . This aspect has been 
f . . 11 b h k 4,12,14c,15,16c,d,17,20,41 considered super 1c1a y y ot er wor ers • 
However, analysis of the results in terms of an E 2 C 'like 
I transition 
state and use of other transition states as models to determine charge 
distribution of the transition state has not been previously reported. 
Discussion of some of the earlier work is found in the Introduction. 
( i) Electronic effects of substituents at the ~ carbon atom . 
The alkyl systems studied for this analysis were the l-R-2-
bromo propanes ( XX) where R = methyl, phenyl, 4-nitro phenyl and 
4-methoxy phenyl. The SN
2
, E
2
C 'like', E
2
H and solvolysis reaction 
schemes, for which rate constants were determined, are set out in 
Figure 6. 
There are three possible olefinic products, from the 
elimination reaction and these are cis and trans-1-R propenes and 3-R 
propene. It should be noted that this system was chos en because the major 
product ( trans-1-R propene) is the same as the major olefin from the 
study of a-substituent effects and predominates at greater than 95 % 
of the total olefins. The rate constants for SN , E C 'like ' and solvolysis 
2 2 
reactions in Figure 6 are presented in TABLE XVIII. 
-TABLE XVIII 
Rate constants (log k) for the E
2
C 'like', SN
2 
and solvolysis 
reactions of l-R-2-bromo propane ( XX) presented in Figure 6 
R E C 11·k ,a SN EC - d SN e 
2 
1 e 
1 + k CJ 2 
log k2 log 1 log k 2 
H -6. 3b - - -3. 3f 
CH
3 -4.68 -4.26 - -3.43 
C6H5 -4.39 -4.62 0.0 -4.24 
4NO -CH 
2 6 4 -3.77 -5.25 1.270 -3.78 
4CH
3
o-c
6
H
4 -4.53 - -0.268 -4.24 
Footnotes TABLE XVIII 
a Results are from TABLE I. The rate constants are in units of 
1/mole/sec. 
b Rate constant determined by Mr. J. Tan . 
c Results are from TABLE IV. The rate constants are in units 
of sec. 
-1 
40 d As defined and reported by Leffler and Grunwald . 
e Results from TABLE VI. 
f Extrapolated from results at other temperatures in acetone as 
sol vent from Reference 1 7 allowing a 10- fold change in rate 
constant for a 25°C change in temperature. 
The rate constants in TABLE XVIII show that the E
2
C 'like' 
dehydrobrominations, like the solvolysis reactions and SN
2 
reactions, 
are relatively insensitive to changes in the electronic effects of (3-
substituents. Since there can be no negative charge localised at the ~ 
carbon atom in either the SN
2 
transition state or the carbonium ion like 
transition state, it is therefore indicated that little, if any, negative 
char ge is localised at C~ in the E
2
C 'like' transition state. 
Electron withdrawing ~ substituents increase slightly the 
rates of E 2 C 'like' dehydrobrominations in TABLE XVIII but slightly 
decrease the rates of both SN
2 
and solvolysis reactions. Presumably the 
decreas e in rate of SN2 and solvolysis reactions is d u e to a long range 
inductive effect on the reaction centre. 
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15a 
Kevill and Cromwell also observed a slight rate enhance -
ment in E 2 C 'like' reactions. They used a Hammett p - 0 - plot for dehydro-
brominations of para substituted 2-benzyl-2-bromo-l-indanones in 
acetonitrile, and determined p values of+. 42 for chloride ion promoted 
dehydrobromination and+. 16 for bromide ion promoted dehydrobromination . 
They also noted that these values were much less than the p values of+ 2 
to+ 3 for (3-elimination reactions of para substituted (3-phenyl ethyl 
compounds with ethoxide in ethanol and with !_-butoxide in !_- bu tano142 , 43 ,.61 
They therefore concluded that there was very little charge - in bromide 
and chloride promoted dehydrobrom ination but cons idered th- mechanism 
of elimination was the "Merged Mechanism 11 7 , 8 . 
Figure 6 
The reaction pathways of l-R-2 - bromo propane (XX) with 
NBu 4 br and lu tidine in acetone ( E 2 C 'like 
1 ) at 7 5 ° C; NBu 
4 
Cl 
in DMF at 25°C ( SN ) ; KO t-Bu in t-BuOH at S0°C and 2 - -
solvolysis in so% acetone-water and 90% acetone-water 
R C H2C H Br CH p a 3 
KOt-Bu 
R CH CH Cl CH RCH=CHCH 
· 2 . 3 
+ trans 3 
Br- + KBr+ t-BuOH 
Solvoly sis 
R CH= CH CH 
trans 3 
+ H++ Br- l 
solvolysis produ cts 
R H , c H3 , c H . 4 N o2-c H . 4 c H-c H 6 5 64 3 64 
Since the be nzyl indanone system and f3 -phenyl ethyl system 
are vastly different, both stereochemically and in their a substituents, 
84 
it was considered that a better, relative indication of charge development 
at CA would be comparison of E C ' like ' and E H ' like' reactions of the ~ 2 } E -
same substrate. Figure 7 is the Hammett p - CJ plot of log k
2 
vs CJ for 
E C 'like' bromide promoted .o.ehydrobromination of para substituted 
2 41 
l-aryl-2-bromo propanes where p =+ 0. 48. De Puy et al. have 
determined p values for E H 'like' dehydrobromination and dehydro-
2 
tosylation of the same substrate system and report p values of+ 1. 37 
with ethoxide in ethanol and+ 1. 84 with !_-butoxide in t-butanol. 
Clearly the E C 'like I transition state has less negative 
2 
85 
charge at Cf3 than has the E
2
H transition state. However, the p values for 
the E H 'like' f3 elimination reactions studied by De Puy are not as positive 
2 
as may have been expected. These p values for E
2
H 'like ' elimination may 
be compared to the p values for the disproportionation reaction of para 
substituted benzaldehydes ( p =+ 3. ?) to benzyl alcohols and benzoic acids44 
and to the aromatic substitution reactions of para substituted 2-nitro phenyl 
fluorides with ethoxide ion in ethanol ( p = + 4. 07) 45 . Clearly, even in the 
E
2
H 'like' transition state, there is not a fully developed negative charge 
at cf3. 
( ii) Steric effects of substituents at the (3 carbon atom 
Further evidence of the existence of a spectrum of transition 
states for bimolecular f3-elimination reactions is found in TABLE XLX 
which contains rate constants for the SN 
2 
and E 
2 
reactions of l -bromo- l -
phenyl-2-R-ethane s with various bases ( R =methyl or phenyl). 
The bases range from E
2 
C 'like 1 bases such as chloride 
and bromide ion; to acetate ion which can utilise either E
2
C 'like' or 
E
2
H 'like' transition stateslO, 12 and finally !_-butoxide ion which is a 
strong E
2
H 'like' base. 
Me 
In TABLE XIX the t:, log k Ph E
2 
is+. 2 and+ 0. 5 for E
2 
'like' 
bases, which indicates that the E
2
C 'like' transition state is insensitive 
to both conjugative and electronic effects of the f3 phenyl substituent 
Me 
relative to the f3 methyl group . The 6. log kPh E
2 
for t-butoxide is+ 1. 9 
indicating that the E
2
H transition state is considerably stabilised by 
conjugative and electronic effects at C . The 6. log kMe E for acetate f3 Ph 2 
is +0. 8 which is between the E
2
C 'like' and E
2
H extreme values. 
10n 
r-
0 
(0 
7' 
N 
-4 
Hammet p - cr 
Figure 7 
E 
plot of log k
2 
vs cr for dehydrobromination of 
l-aryl-2-bromo propane with NBu
4
Br in the presence of lutidine 
in acetone at 75°C ( Aryl = 4-Y phenyl). 
p = + ·48 
-5 --~~~~~~-'-~~~~~~--'-~~~~--'-~~~~--L.~~~~--'-~~~~--'-~~~~-'-~~~~..L.-~~~~..L.-~~ 
-.3 0 .2 .4 .6 .8 1.0 1.2 1.4 
cr 
m 
O'-
Me This spectrum o f values of 6. log kPh E 2 1s further evidence 
for the occurrence of a variable amount of negative charge localised at 
C as the transition state shifts from E C 'like' to E H 'like' . It is ~ 2 2 
r emarkable that the E
2 
C ' like I dehydrobrominations are insensitive to the 
conjugative effects of a ~ - phenyl substituent ,considered in the 
light of Winstein-Parker 1s description of the E 2 C 'like' transition state 
( containing considerable double bond development) o This result is rather 
perplexing o 
TAB LE XIX 
Effect of~ substituents on SN and E rates of reaction of 
2 2 h 
l -bromo-l-phenyl-2-R ethane ( XXI) a, 
R CH
2 
-CHBr Ph 
(XXI) 
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b C d K0t-Bu0 _!_-Bu OH R NB~Br NBu Cl, DMF NBu OAc DMF lAcetone 4 25°C 4 25°C 75 C 
75°<t { E s E s E log k log k log k log k log k lo g k 
CH
3 -3.38 -4.2 -2. 18 
-2.0 -0.94 -2.8 9 
C6H5 -3. 16 -3o 7e -2. 9e 
f 
-1. 8 f -1.0 g 
-1.2 
Me 
+ Oo 22 + 1. 9 6.log k Ph E2 + Oo 5 - + Oo 8 -
lv1e 
6.log kPh S>r2 - - -0.72 - -0.86 -
Footnotes TABLE XIX 
a The values of the ~ elimination rate constants are in units of 
1/mole/ sec and are for production of trans olefin. 
b Results are from TABLE I. 
c Re sults are from TABLE VI. 
d Resul ts are from TABLE VII. 
e Extrapolated from Results at 50°C by allowing a 10-fold rate 
decrease for a 25°C decrease in temperature. 
d 
f 
g_ 
h 
0 
Extrapolated from a result at O C using the same factor as in e. 
Extrapolated using an Arrhenius plot from results at 25°C and 
0 
46.3 c. 
Me 
b. log k Ph 1s the increment difference in log k
2 
between the 
result for R = methyl and R = phenyl. 
Since the rate of E C ' like ' reactions are largely insensitive to 
2 
electronic effects of (3-substituents, then for changes in simple alkyl 
(3-substituents it would be expected that variations in rate would be due 
mainly to steric effects. 
In TABLE XX a s er i e s of rate con s tan ts are pre sen te d for 
bromide ion promoted (3 elimination reactions of a series of alkyl 
structures ( XXII) where R 1 and R 2 in XXII are varied from hydrogen to 
methyl to phenyl and para anisyl. Changing from a (3-hydrogen to either 
88 
a (3-methyl, phenyl or :2.-anisyl in XXII causes increases in rate of up to 
100-fold. However, it is noticeable that the (3 -methyl , phenyl and :2.-anisyl 
derivative s all have comparatively similar enhancements relative to (3 -
hydrogen. This observation is apparent for cases when the C(3 substitution 
level is change d from primary to secondary or from secondary to tertiary. 
TABLE XX 
Steric effects of (3-substituents on rates of E C ' like' dehydro-
brominations and d ehydrotosylation of XXII v7ith NBu
4 
Br in 
acetone in the presence of 2, 6-lutidine at 75°C 
RI'-..... H CH 
"-....l / 3 
_/ C - C ""-...... 
R ..,...,- I H 
2 X 
XXII 
Rl R2 X lo g k EC' tl 
2 
a b H H OTo s -6 
CH
3 
H II 
-3.7 
C6H5 H II -3. 6 
4CH
3
oc
6
H
4 
H II 
- 3. 81 
4CH
3
oc
6
H
4 
CH
3 
I! 
-2. 71 
C6H5 C6H5 II -2.7 
H H Br -7. 1 b 
CH
3 H 
II 
-5. 1 e 
C6H5 H " 4 .... e - . ( 
Footnotes TABLE XX 
a OTos = .E_-toluene sulphonate. 
b The rate constant is corrected for the statistical number of 
C 
d 
e 
hydrogens available. 
Log k E is the rate constant for formation of trans olefin and 1s 
2 
in units of 1/mole/sec. 
Results are from Reference 1 7. 
Results are from TABLE I. 
Changes in f3 substituents 1n the solvolysis transition state to a 
more bulky f3-substituent would be expected to have only a slight 
accelerating effect on the rate of reaction. This is predicted because the 
reaction centre is one carbon removed from the substituent and therefore 
cannot fully take part in the steric decompression of the solvolysis 
transition state relative the ground state. In the SN2 transition state 
rate decelerations are experienced due to steric compression in the 
transition state. However, this only becomes of major importance with 
very bulky f3-substituents in a tight transition state, e.g. the " neopentyl 
ff 1125, 27 e ect • 
The situation 1s different in an E
2 
transition state because Cf3 
1s part of the reaction centre. If we consider the steric requirements 
of reactants and products of elimination, it should be possible to observe 
steric acceleration. In the reactants, bulky groups are in a tetrahedral 
configuration about C and C but in the olefinic product the groups are 
a. f3 
in a trigonal arrangement about both C and C . If only the trans olefin 
a. f3 
89 
is considered ( so that eclipsing effects of vinyl gr oups may be neglected), 
then clearly, on bulk considerations alone, the product olefin is more 
stable than the reactants. 
In a 'loose' olefin like E
2
C transition state, because non-bonding 
interactions fall off rapidly with distance 3 , there should be insignificant 
repulsive interactions of a. and f3 substituents with either the leaving 
group or base. Therefore steric acceleration is predicted and has been 
observed in E 
2 
C 'like' reactions in TABLE XX 1 7 ' 20 . 
( iii) The attractive effects of vicinal polar substituents 
I t is of interest to discuss f3 substituent effects in the cyclohexyl 
compounds presented in TABLE XXI. An effect is observed \Vhere polar, 
vicinal groups on a cyclohexyl ring interact with each other and stabilise 
the 1, 2-di substituted compound. The existence of stabilisation by 
di spersion force interactions between polarisable groups like bromine, 
phenyl, 12.-toluene sulph inyl or .E_-toluene sulphonyl has been acknowledged 
. l 3, 4 previous y . 
TABLE XXI 
(3-Substituent effects on SN
2 
(lo g k
2
S) and E
2
C ' like (log k
2
E) 
a 
reactions of 2-R cyclohexyl 12.- toluene sulphonates 
-y + ) + + 
90 
NBu
4 
Cl, M e CO, 75 C NBu
4
0 Ac, Me CO, 75 
R 2 2 
0 0 
ci s -2-R trans - 2-R cis-2-R 
lo g k E lo g k S log k E log k s log k E 
H -2.57 C -2.69 -2.57 C -2.69 -3.2 C 
CH
3 
-1. 2 -2.4 -3 . 25 -2.74 -2.5 
( CH
3
) 
2
CH -0.6f - -3.3g -2.9 g -
( CH
3
) 
3
c -0.Zb (' -4 -l.55b 
-2.62 -
C6H5 -0.7e < -3 - 3. 81 -3.44 -0.6e 
Br -3.64 - - - -1. 7 
4CH
3
C6H4 so2 
h 
-l.03b < -3 b - 4.60 -4.0 5 -
-4.4d -4.3d -3. 4d 4CH
3
C6 H4 so3 
- -
Footnotes TABLE XXI 
a R ate constants are in 1/mole/sec . and are from Reference 20 
except where otherwise stated. Dehydrotosyla tion forms 1-R 
cyclohexene from cis isomers and 3-R cyclohexene from trans 
isomers . In some cases rate core tants have been extrapolated 
from values at lower temperature using activation energies deter -
mined directly for the reaction or from a clos ely related reaction. 
C 
I 
I I 
I 
b The product olefin was not analysed by V.P.C., but 1s 
assumed to be that of anti Saytzeff elimination. 
C The rate has been adjusted to allow for two equivalent anti 
hydrogens. 
d The rate has been adjusted to allow for two equivalent leaving 
groups. Results are from TABLE IX. 
e Rates for dehydrobrosylation were converted to rates for 
dehydrotosylation by s,ubtracting 0. 6 
f Results are from Reference 11. Estimated from reaction of 
neomenthyl E_-toluene sulphonate by assuming the 4-methyl substituent 
has negligible effect on rate. 
.& Estimated from rates of reaction of menthyl tosylate ( see 
footnote f) . 
h 4-Methyl phenyl sulphone. 
Changing R, in the reactions of cis-2-R compounds with 
NBu
4
Cl in acetone, from hydrogen to either methyl, phenyl, iso-propyl 
or _!_-butyl, gives a rate increase of 30 to 100-fold. This is comparable 
h l . 1· 1· 17 d h f h" h b tot e resu t 1n a 1cyc 1c systems , an t e reasons or t 1s ave een 
previously expounded. However, for R = bromine and .12.-toluene sulphonate 
there is a marked deceleration of 10 3 - 104 in rate. This occurs not only 
for Saytzeff elimination but also for Hoffman elimination and bimolecular 
substitution. There is little possibility of some factor equally affecting 
the three different transition states for these reactions. Therefore it is 
considered that the rate deceleration is due to stabilisation of the ground 
state of the substrate which, of course, is the same for each reaction. 
A rate deceleration is also experienced in the elimination and 
substitution reactions of the trans-2-R compound with chloride ion and the 
cis-2-R compound with acetate ion. 
Clearly a rate deceleration would be predicted if an attractive 
interaction between the vicinal polar groups is postulated, as the relation-
ship of the groups to each other are similar for both the cis and tran s 
configuration. These interactions have been noted previously 4 , 46 as 
91 
several examples of this are found in the literature, e.g. cis-1, 2-
. 47 dibromo ethene is more stable than the trans isomer . 
Also l -bromo-1, 2-diphenyl E:thane dehydrobrominates with 
chloride ion in DMF 50 times faster than 1, 2-dibromo- l, 2-diphenyl 
48 
ethane . From our understanding of steric effects on E
2
C 'like' reactions 
it would be expected that the mono bromide should dehydrobromina te 
50 - 100 times slower than the dibromide. Therefore the comb ined kinetic 
effects indicate a stabilisation interaction of the vicinal bromines which 
has a 2,000 to 5, 000-fold effect on rate of elimination. 
The energy involved i.n such a rate deceleration 1s 4 to 5 Kcal/mole. 
The reason for this effect becoming apparent lies in the nature of the 
SN
2 
and E
2
C 'like' transition states. As the leaving group departs and 
forms the 'loose' transition state, the distance between the vicinal groups 
is increased and the orientation changed so that this stabilisation energy 
must necessarily be lost. 
In summary, the /3-substituent effects have elucidated several 
characteristics of the E C 'like' transition state -
2 
( a) There is only slight, if any, negative charge at c
13 
transition state, 
1n the E C 'like' 
2 
(b) The insensitivity of the E
2
C 'like' transition state to electronic 
effects allows a study of steric effects which suggest that the transition 
state is 'loose' and has a large degree of double bond character. 
C Doubl e bond development in the E
2 
C 'like' transition state 
If the E
2 
C 'l ike I transition state is very product like ( well 
developed double bond) then the logical prediction was that the olefinic 
product distribution would, without exception, closely parallel the 
equilibrium proportions. This infers, in saturated alkane systems, 
simple steric control of the relative free energies of the transition 
states leading to each olefin. However, when a double bond develops 
adjacent to some form of unsaturation, an important aspect to consider 
is conjugation of either the n system of the developing double bond, or 
any char ge developed at Ca or c
13
• Investigation of both situations is 
warranted because product distributions in both types illuminate 
characteristics of the E C 'like' transition state. 
2 
Even in the simple alkyl systems there are factors which can 
distort the product distribution. The presence of the leaving group, 
' 
nucleophile and proton, even in a 'loose' transition state, cannot be 
ignored. Their presence would increase the free energy difference 
between cis and trans arrangements in the transition state. Also 
93 
salvation effects on the transition states will be different for comparisons 
of protic and aprotic solvents. Generally the trans : cis ratio should 
be increased by the steric effects of other atoms in the transition 
state and by changing from aprotic to protic solvents. 
Simple steric considerations in the E H 'like I transition state 
2 
suggest that olefinic product distributions should follow relative free 
energies of reactant configurations. However, the 1tight 1 E
2
H transition 
state is markedly affected by inductive and conjugative effects of 
substituents. Therefore it is uncertain what the product distribution 
should be from any single reaction system. It is only possible to 
indicate the large differences between the product analyses for E H 
2 
and E
2 
C 'like' reactions and use these differences to illuminate the 
double bond development in the E C 'l ike ' transition state. 
2 
( i ) Saturate d a 1 k y l sub s tr ate s 
In TABLE XXII are presented the product distributions for 
various elimination and equilibration reactions of simple saturated 
alkyl systems. 
Substrate Reaction 
type 
2-bromo 
butane E2 
E2 
E2 
E 2 
E2 
Equil 
2-methyl-
3-butyl 
tosylate E2 
E2 
E 
El ·1 i qui 
2-bromo-
2-methyl 
butane E2 
E 
E2 
El ·1 i qui 
2-methyl-
3-pentyl 
tosylate E 
E2 
E2 
2 
El 
Equil 
I 
TABLE XXII 
Alkene products from bimolecular ~-elimination reactions, solvolyses and 
equilibration reactions of saturated alkyl substratesa 
I d % . d Base Temp % Hof. c % Trans cis 
oc 
b 1-butene trans -2- butene c is - 2 - butene NBu4 Br/Me CO 75 
4m 82 14 
NBu F/CH CN° 50 11. 6 68.9 19. 5 
NaOi:t/DM~oP 25 27.2 56.8 16 
KOt- Bu/DMSO 50 30 54 16 
- f 50 54 KOt-Bu/!_- Bu OH 28 18 
KO!_- Bu/DMSOg 55 9m 64 27 
3-methyl -
NBu Br/Me 2CO~ 
1-butene 
75 0.3n - -
KOt~u/t-BuOH 50 76.9 - -
- - h 
Solv/t-BuOH 50 1. 0 - -
- 25 o. 2J - -
2-methyl-
I -butene 
NBu Cl/Me COb 50 9n - -
KOt:~u/t-But)Hf 50 73 - -
- - b 
son. Solv/Me
2
CO . 50 - -
25 8 . 2J - - -
4 - me thy 1- 2 - trans-4'"1nethyl-1 cis-4-methyl 
b pentene 2-pentene 2-pentene NBu Br/Me CO 75 7. 5m 7~4 0 1 
KOt%u/t-B~OHk 50 48 .9 32.6 16. 3 
K Ot- B u/2 5%t- B tD H - 50 49 .8 47.9 1. 9 
- -DMSO 
Solv/t-BuOHk 50 7. 0 7.0 0 
KOt-Bu/ DMSOg, k 55 8. 4l 7.2 1. 2 
-- ---- --- --- -
[ Hof. Je 
Sayt.] 
.042 
. 131 
. 374 
• 429 
1. 1 7 
. 099 
0.003 
3. 19 
. 
0.01 
0.002 
0.099 
2.70 
1. 00 
0.09 
.081 
. 957 
1. 0 
0. 91 
. 10 5 
[Trans] 
[cis] 
5.9 
3 . 53 
3.54 
3.4 
1. 6 
2.4 
-
-
-
-
-
-
-
-
70"±-20 
2.0 
25.2 
730 
6.0 
-.D 
~ 
Footnotes TABLE XXII 
a Determined by VPC analysis. 
b Solvent contains excess 2, 6-lutidine. 
c Represents that portion of total olefinic products which w a s the 
less substituted ( Hofmann) olefin from (3-elin1ination of HX. 
Unless other wise stated, the Saytzeff olefin was the only other 
product. 
d 
e 
f 
_g 
h 
1 
J_ 
k 
l 
m 
n 
0 
E 
Percentages of cis and trans isomers from (3-elimination. 
The ratio of the total less substituted (Hofmann) olefin to 
total more substituted ( Saytzeff ) olefin. 
From Reference 28b. 
From Reference 38b. See also TABLE XV footnotes b and c. 
From Reference 29 
In gas phase from Reference 49. Equilibration of related olefins 
1n DMSO and on activated alumina gives similar proportions. 
The equilibration product contains 8. 2% 2-methyl-1-butene and 
0. 2% 3-me thyl-1-butene. 
From Reference 50. 
Contained 16% 2-methyl- l -pentene. 
From TABLES XIII and XV. 
From Reference 17. 
From Reference 51. 
From Reference 52. 
The olefinic ratios 1n TABLE XXII for E C 'like I reactions are 
2 
very close to the equilibrium values ( as predicted) and show the E
2 
C 'like' 
reactions to be the most trans Saytzeff oriented, bimolecular (3-eliminations 
known, provided the requirement of anti geometry is not violated. Since 
13 ( the E C 'like' transition state is 'loose' and only slightly charged if at 2 
all) at C(3 and Ca' then the best explanation of this close correlation is that 
the known transition state has a large degree of double bond character. 
This correlation is not universal to all elimination reactions. 
The olefinic product distribution in E
2
H reactions of KOtBu in t-buOH w i th 
9 5 
all substrates in TABLE XXII show a large deviation av.ray from the 
equilibrium distributions. It is apparent that a well developed double 
bond does not occur within the E H transition state of simple alkyl 
2 
system. For elimination reactions of strong H-bases in aprotic solvents 
( where sol va tion effects are de creased) pas sing through an E H 
2 
transition state, the base is not in close proximity to either C or C . 
~ a 
Therefore it is not unexpected to find for elimination reactions of 
2-bromo butane that the trans:cis ratio is relatively independent of 
changes from one strong H-base to another. Although the reservations 
previously mentioned, such as electronic and conjugative effects of 
substituents, need careful consideration, a pattern of steric effects 
emer ges which is consistent with the structural description of the E H 
2 
transition state. 
( ii) Unsaturated alkyl substrates 
96 
The analysis of olefinic product distributions 1s complicated by 
unsaturated a and ~ substituents. For E
2
H reactions the conjugative and 
inductive effects are markedly increased. In fact, conjugative dispersion of 
charge and conjugative interactions with the developing double bond 
seem to dominate steric considerations in the E H transition state. 
2 
In TABLE XXIII are presented the olefinic product distributions 
for reactions of several a and ~ aryl substituted alkyl compounds with 
E C and E H bases. 2 2 
Substrate a Reaction 
type 
1-Br-l 2 
' di phenyl E C 
ethane E
2 H 
E 2 H 
E 2 H 
2 
-
l-Br-1-
phenyl 
E C propane 
E 2H 
2 
1- Br -1-Ard. 
propane 
E C 
2 
2-Br-1-
phenyl 
propane EC 
E 2 H 
2 
-
2-Br-2-C 
methyl-1-
phenyl E C 
propane E 2 C 
2 
-
TABLE XXIII 
Proportions of olefins from dehydrobromination of a and ~ aryl substituted 
alkyl bromides 
Base/Sol vent 
Temp 
oc. °/o Hof. % Trans % cis 
b trans stilbene cis- stilbene 
NBu4 Br/MeK,fCO 75 - 98 2 NBu OAc/D F 25 - 99.6 0.4 
KOt%u/t-BuOH 25 - 99.4 0.6 
NaOCH /8(1}bDMS0 25 - 99.3 0.7 
3 CH
3
0H 
Equil/DMFf · 37 - 99.05 0.05 
trans- 1 -phenyl cis-1-phenyl 
b propene 
propene 
NBu Br/Me 2 CO 75 - 99 10 0 KO.!_~u/t- BuOH 75 - 98 . 5 1. 5 
trans-1-Ar cis-1-Ar 
propene 
b propene NBu Br/Me CO 75 - 98.8 1. 2 4 2 
3-phenyl trans -1-phenyl cis-1-phenyl 
b propene propene propene NBu Br/Me CO 75 0.5 92.7 6.8 
KOt~u/t-B~OH 75 0.05 9 8. 1 1. 9 
Equil/DMS0£ 50 0.03 98.4 1. 6 
l -phenyl-2-
b methyl prc:pene NBu Br/Me CO 60 22.0 - -
NBu 4 c1/Me 2cob 60 13. 6 - -
Equi!/Me Cti-Ie 55 ca. 5 - -
[Hof.] 
[Sayt.] 
-
-
-
-
-
-
-
. 
-
. 005 
. 0005 
.0003 
. 28 
. 16 
. 05 
[Trans] 
[cis] 
49 
250 
170 
140 
2000 
100 
65 
80 
14 
52 
62 
-
-
-
. 
'° -.J
98 
Footnotes TABLE XXIII 
a Results, except whe~e stated, are taken from TABLES XIII and XV . 
b Contains excess 2, 6-lutidine. 
c From Reference 14 c. 
d Ar = 4-nitro phenyl. 
e From Reference 35. Determined by refluxing the mixture of 
olefins in methanol-hydrochloric acid mixtures. 
f See TABLE XV for methods of equilibration. 
A rather perplexing feature of TABLE XXIII is the difference 
1n olefin proportions resulting from E
2 
C reactions and proportion of 
olefins from equilibration reactions. However, the proportions of 
olefins from E - H reactions do closely parallel the equilibrium 
2 
proportions . 
Clearly it is difficult to separate aromatic stabilisation of a 
transition state either by mesomeric dispersion of developed charge or 
conjugative interaction with the n system of a double bond. Therefore it 
is difficult to interpret rate enhancement effects of aromatic substituents 
on E
2
H reactions as being due to either dispersion of charge 
the double bond character in the E
2
H transition state. 
. . 
or 1ncreas 1ng 
r3-Elimination reactions wjth strong H-bases have previously been 
shown to involve a significant degree of conjugation of charge to 
d d A b. 4,12,17,20 f . . . unsaturate a an t--' su st1tuents . I aromatic conJugation of 
charge is to occur, the phenyl ring must become coplanar to the 
developing double bond, i.e. in the case of l-bromo-1, 2-diphenyl ethane, 
trans stilbene stereochemistry may be obtained. It may be argued that 
both conjugation with charge and conjugation with a developing double 
bond ( similar to conjugation in free trans stilbene) will give the same 
stereochemistry in the transition state. However, it is felt that 
conjugation with a well developed double bond in a transition state 1s 
not greatly significant. 
The reasons for this proposal are -
( i) It is difficult to visualise a transition state with both considerable 
99 
charge at C and C and a well developed double bond. 
u 13-
( ii) For reasons discussed later, there is a lack of conjugation of the 
well developed double bond in the E C 'like' transition state which 
2 
suggests that a double bond in a transition state does not experience 
the same conjugative stabilisation as the product olefin. 
Winstein and Parker have always considered that 1n the E C 'like ' 
2 
transition state there is considerable double bond development. If it is 
considered, by analogy with the product olefins, that there should be 
conjugation of this developing double bond with aromatic substituents 
in the transition state, then the kinetic olefin proportions resulting 
should parallel the equilibrium olefin proportions as determined 
experimentally with some slight deviation due to the presence of 
leaving group, base and /3-protons. 
However, if it is considered that the E C 'like' transition state 
2 
and the product olefin are different, then it is probable that the 
transition state shall have some distinctive characteristics such as 
a lack of conjugation of the double bond with unsaturation in u and /3 
substituents. If this last postulate is true, then the olefin proportions 
should be governed by the steric requirements of the u and /3 substituents 
so that the same pattern found in TABLE XXII should emerge for E C 
2 
'like' reactions in TABLE XXIII. 
This trend is found for dehydrobromination reactions promoted 
by bromide ion in acetone and is shown in TABLE XXIV. 
Included is the equilibrium olefin proportion for cis and trans-2-bute r:e 
and I-butene as an example of steric control operating in an E C 'like' 
2 
transition state. 
TABLE XXIV 
Olefin proportions from dehydrobromination of substituted 
bromo ethanes ( R CHBrCH R ) with NBu Br in acetone a . 
1 2 2 4 
Rl R2 Reaction % Hofmann % trans % cis 
CH
3 
CH
3 
E 
2 
C 'like ' 4 82 14 
CH
3 C6H5 
II 0.5 92.7 6.8 
C6H5 CH3 
II 
- 99 1 . 0 
C6H5 C6H5 
II 
- 98 2.0 
CH
3 
CH b Equil 9 64 27 3 
C6H5 CH b 
II 
- 99.05 0.05 6 5 
Footnotes TABLE XXIV 
a Results taken from TABLES XXII and XXIII. 
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b Equilibration results from TABLES XXII and XXIII. The result 
for the butene system is considered as representative of steric 
control of olefin proportions whereas the stilbene system 1s 
considered representative of combined steric control and 
conjugative control. 
Dehydrobromination of 2-bromo butane gives 14% cis-2-butene 
while the equilibrium proportion is 27 % cis-2-butene. This is expected 
because of the presence of the base, leaving group and f3-proton . If the 
E C 'like' reactions of the compounds with R or R as phenyl have 
2 1 2 
insignificant conjugation of the phenyl group with the double bond, then the 
kinetic olefin proportions should deviate from the result for 2-bromo-butane 
by an amount equivalent to the difference in steric requirements of a phenyl 
group relative to a methyl group in the transition state . In TABLE XXIV 
this effect is apparent and it should also be noticed that the proportion of 
cis olefin differs greatly from the combined conjugative and steric control 
of the stilbene system. 
IO 1 
This evidence therefore indicates that there is little, if any, 
conjugation o f the developing double bond with phenyl substituents, although 
this does not exclude conjugation with developed charge as found in the 
E 
2 
H a n d s o l vol y s i s trans it ion s ta te . 
The structure of the E
2
C 'l ike ' transition state a s pertaining to 
doubl e bond development is therefore d e scribed as having a well d eveloped 
double bond which is insensiti v e to inductive and conjugative effects of 
substituents. This idea was then tested by making a prediction of kinetic 
olefinic proportions resulting from a model reaction. 
In the ~-elimination of tos y lic acid from 3-methyl-l -pheny l-2-
butyl tosylate it was predicted that for elimination using bromide ion in 
acetone ,l-phenyl-3-methyl-2 -butene should be the major olefinic product 
whereas the most stable olefin ( due to conjugation) is trans-l-phenyl-3-
methyl-l-butene. The conjugated olefin was also predicted as the major 
product from KOtBu/ t-BuOH promoted elimination of tosylic acid from the 
same substrate. The results are presented in TABLE XXV. 
R 
CH b 
6 Sb 
II 
II b 
CH 
e 
3 
II e 
II e 
TABLE XXV 
Olefinic proportions from dehydrotosylation of l-phenyl-3-
a 
methyl-2-butyl tosylate and 2-methyl-3-pentyl tos y late 
R CH CHOTosCH(CH) - ~R-CH=CH-CH(CH3)2 
2 3 2 -.__,. cis and trans 
--:;:ll'R-CH -C H=C(CH) 
2 3 2 
. f r b [trans] [ 1 - ene ]g Base/Solvent % ClS % trans 1. % 2-ene [ ci s ] [2-ene] 
NBu
4
Br/Me
2
COc 0.4 8.65 90. 1 22 0. 10 
KO.!_:- Bu/ t- BuOH 1. 5 95.5 2.8 0.016 35 
Equil/ DMSOd 0. 15 63. 1 33.0 420 1. 9 2 
NBu
4
Br/ Me
2
COc 0. 1 7.4 92.5 74 0.0 81 
KOtBu/t -BuOH 16.3 32.6 5 1 . 1 2.0 0.97 
Equil/ DMSOd 1. 2 7.2 80 6.0 . 105 
Footnotes TABLE XXV 
a 
b 
C 
d 
e 
f 
_g_ 
All results were determined by V. P. C. 
Determined by Dr. D. Muir. 
In the presence of excess 2, 6-lutidine. 
Determined by the method of Schriescheim using KOtBu in DMSO 
From TABLE XXII. 
Expressed as a % of total olefinic products. 
Since in the case of R = phenyl the most stable olefin is the least 
substituted, this convention is used for the Hofmann-Saytzeff 
correlation. 
The results in TABLE XXV are exactly as predicted from the 
prior description of the E 2 C 'like' transition state. The olefin proportions 
from dehydrotosylation by bromide ion are similar for both R =methyl and 
phenyl and both are comparable with the olefinic equilibrium proportions 
for R =methyl. This suggests, in agreement with the previous evidence, 
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that the phenyl ring is only utilising steric control of orientation in a similar 
way to a methyl group. 
Another way of conveying this idea is to consider the equilibrium 
proportions for R = methyl represents ster ic control of orientation and the 
proportions for R = phenyl repr erents steric plus conjugative control of 
orientation. It is apparent, using this standard, that dehydrotosylation with 
bromide ion more closely correlates y.rith steric control, without inter-
ference from other effects. In fact the [1-ene]:[2-ene] ratios are remarkably 
s im i 1 a r with va 1 u e s of O • 1 0 ( R = C 
6 
H 
5 
for - HO To s /Br - ) , 0. 0 8 1 ( R = 
CH3 for -HOTos/B r -) and 0.105 (R =CH3 , equilibration)o 
Probably the most important aspect of TABLE XXV is not the 
mechanistic information derived from the results but the synthetic impli-
cations. Strong C-bases are now able to perform /3 -elimination reactions to 
give products which were previously unobtainable via a /3-elimination reaction 
using a strong H-base. An example of this is l-phenyl-3-methyl-2-butene 
as the major product from l-phenyl-3-methyl-2-butyl tosylate and bromide 
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10n in acetone. Other predictions can also be made. 3-Bromo-4-methyl 
methyl pentanoate would be expected to give predominantly 4-methyl 
methylpent-3-enoate with bromide ion in acetone but predominantly 4-methyl 
methylpent-2 -enoate with any strong H-base. 
In summary, the analysis of r=,-elimination reaction transition 
states as reactant or product like, because of its sensitivity to various 
unconnected factors, is indicative but not definitive of how product like 
a transition state is. However, several different approaches give results 
in agreement with the approach used in this section (e.g. substituent 
effects, leaving group effects, and salvation effects). Therefore several 
conclusions can be drawn. 
( i) There is a considerable amount of double bond development 1n the 
E
2
C 'like' transition state. This is greater than is found in E
2
H 
reactions of simple saturated alkyl substrates. 
( ii) There is only slight, if any, conjugation of the developing double 
bond with ci or r=, aryl substituents. 
D Leaving group tendencies in ~-elimination reactions 
Hoffman56 used tosylate-bromide rate ratios to study the 
character of the SN
2 
transition. This form of approach was later extended 
to elimination reactions 57 . (A tosylate-bromide rate ratio is defined 
as the ratio of the rate constant for an alkyl tosylate to the rate constant 
for the related alkyl bromide where the same type of reaction is studied 
and the products are the same. ) 
Hoffman56 n1aintained that for SN
2 
reactions a low tosylate-
bromide rate ratio indicated small C -leaving group bond breaking and 
Cl 
high tosylate bromide rate ratios indicated large C -leaving group bond 
57 Cl 
breaking. Hofmann then attempted to extrapolate this treatment to the 
~-elimination transition state as proof of C -base interaction even with 
Cl 
strong H-bases. Although his basic premise is tenable, his treatment of 
the ~-elimination transition state can best be considered inconclusive . The 
problem associated with his treatment is the complexity of the spectrum of 
E transition states . Therefore the restriction must be placed on leaving 
2 
group analyses using tosylate-bromide rate ratios that they represent 
the degree of C -leaving group bond breaking in the transition state. 
a . 10 55 
It was previously recognised ' that the 1looseness I of a 
transition state can vary with several factors, notably the degree of sub-
stitution. Therefore it was considered that more information about relative 
degrees of 'looseness' in an E
2 
transition would be available from a 
compariso n of tosylate-bromide rate ratios for simultaneous SN and E 
2 2 
reactions. In TABLE XXVI are presented various tosylate-bromide rate 
ratios [lo g k ( OTos) - log k (Br)] for SN and E reactions . 
2 2 
TABLE XXVI 
Leaving group tendencies of tosylates and bromides 1n 
SN and E reactions 
2 2 
b log k( OTos)-log k ( Br) 
10-l 
a Reactants Solvent SN E t::. ( SN - E ) 
2 2 2 . ~ 
Ox C -+ArS 
II d -+ Cl 
II e -+ PhS 
II e -+ ArS 
II f -
+N3 
II C -+ OAc 
II C -+ OAr 
II d -+ OEt 
II d -+ t-BuO 
-g -
CH CH CH X + OEt 3 2 2 
11 g + t-BuO -
(CH) CH-CHXCH h+Cl-
3 2 3 
PhC~ CH
2 
Xg + OEt -
ClS 
C1S 
C) OTos 1 +Cl-X 
II 
II 1 
1 -
+OAc 
+ Cl 
+OAc 
+ OEt 
75 
55 
55 
75 
75 
75 
75 
75 
55 
40 
50 
30 
75 
75 
75 
75 
II 
EtOH 
II 
Me CO 
2 
II 
II 
EtOH 
t-BuOH 
EtOH 
t-BuOH 
Me CO 
2 
EtOH 
II 
11 
II 
EtOH 
0.00 
0.78 
0.79 
1.06 
0.48 
0.70 
0.53 
1. 28 
> 1. 6 
0.57 
.1.04 
0.25 
1. 00 
k 
ca .5 
II k 
II k 
II k 
k 
ca. . 9 
0.41 
0.97 
0.69 
0.95 
0. 13 
0. 12 
-0.26 
0.00 
0.38 
- 1. 1 0 
-0.80 
0.24 
-1.00 
>+ 0. 3 
>+ 0. 4 
+0.8 
-1. 84 
- l . 8 
- 0. 41 
- 0. 19 
+ 0. 10 
+ 0. 11 
+ 0. 35 
+ o. 58 
+ o. 79 
+ 1. 28 
> + 1. 2 
+ 1. 67 
+ 1. 84 
+ 0.01 
+ 2. 00 
+ 0. 1 
+O . 0 
- 0. 3 
+ 2. 3 
+ 2. 7 
Footnotes TABLE XXVI 
a Ar =4-nitrophenyl; Ph =phenyl; OAc =acetate; OTos -
b 
C 
d 
e 
f 
.& 
h 
1 
,J_ 
k 
p-toluene sulphonate. 
Log k for reaction with X = tosylate minus log k for same 
reaction with X as bromine. 
Data for cyclohexy l tosylate 1s from Reference 9 and results 
for cyclohexyl bromide is from Reference 58. 
From Reference 55. 
From Reference 16b. 
From References 9 and 59. 
From Reference 57 . 
From Reference 1 7. 
From TABLE IX. Due to the complexity of the reaction 
schemes no rate could be exactly determined. 
Tosylate result from TABLE IX. Bromide result from 
Reference 12. 
The average value for all the other SN 
2 
ratios 1n the same 
solvent. 
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The results for the disubstituted cyclohexyl derivatives in 
TABLE XXVI are made a little uncertain by attractive forces between the 
vicinal polar substituents, and by the complexity of the reaction pathways 
available. Log k ( OTos) - log k ( Br) values for SN
2 
reactions were unable 
to be determined accurately so that the average ratio for all the other SN
2 
reactions in the same solvent in TABLE XXVI ( 0. 5 in Me
2
CO and 0. 9 1n 
EtOH) were assigned as representative of the actual value. 
the 
Despite the obvious doubts associated with this average value, 
+ differe nces in 6 ( SN2 -E ) of up to - 3. 0 log uni ts are in excess of the . 2 
maximum errors anticipated and therefore do not alter the theoretical 
analysis of the results. 
It has previously been established from a study of solvent 
33 
effects that the E H transition state was tighter than both the E C 'like' 
2 2 
and SN2 transition states, which are of comparable 'looseness' . From 
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56 Hoffman's study of tosylate-bromide rate ratios it would ther efo r e be 
expected that there would be only small differences in ratios for S N a n d 
. 2 
E C 'like' transition states (i.e. 6 ( SN -E ) ~ 0) . How ever, for the E H 
2 2 2 2 
transition state the tos y late -bromide rate ratio would be expec te d to be 
much less than for the SN transition state. This is certainly ob se r ve d in 
2 
TABLE XXVI where 6 ( SN -E ) :::::::: 0 for reactions of chloride and th io-
2 2 
phenoxide but 6 ( SN -E ) = 1 - 3 for reactions of t- butoxide and e thoxide. 2 2 
It is also apparent in TABLE XXVI that there is a whole 
range of 6 ( SN -E ) values between the E C 'like I and E H extremes. In 2 2 2 2 
fact, the 6 ( SN 2 -E 2 ) values increase as the H-base strength increases, 
1. e. as the E
2
H character of the transition state increases. This sugges t s 
that the E
2
C 'like' transition state described by Winstein and Parker exists 
and also that there is a whole spectrum of transition states between the 
E
2
C 'like' and E
2
H extremes. As a tosylate-bromide rate ratio only measur es 
the C -leaving group bond breaking in the transition, it is not a criterion 
a 
for other properties of the transition state. These trends could be explained 
in terms of Bunnett 1s
4 
E 2 spectrum of transition states. However, they I 
closely parallel the trends which would be predicted for an E 
2 
C-E 
2 
H spectrum. 
It was previously established that a f3-bromine substituent 1s 
very acidifying 12 and increases the E
2
H character of the f3-elimination 
transition state. Since 6 ( SN -E ) is more positive for acetate ion than 
2 2 
for chloride ion, it is considered that the acetate promoted elimination is 
12 
more E
2
H like when a f3 bromine substituent is present. As expected , 
the transition state for the chlor i de ion elimination is rela t ively inse n sitive 
to changing from a f3-hydrogen substituent to a f3-bromine substituent. It 
1s also apparent that a f3-tosylate substituent is not as acidifying as a f3-
bromine substituent. The 6 (SN -E ) for the f3-tosylate derivative wi th 
2 2 
acetate ion in acetone lies in the range of values found for E C like 
2 
transition states. 
A similar analysis of leaving group effects b y Bunnett 14c 
for dehydrohalogenations of l-phenyl-Z-X-2-methyl propan e ( where Xis 
bromine or chlorine) led him to the conclusion that the transiti on s tate 
for f3-eliminations promoted by weak H-bases had a lar g e degree o f C -
a 
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leaving group bond breaking. He found the highest bromide -chloride rate 
ratios ever obser ve d for dehydrohalo genations promoted by bromide ion 
and chloride ion in acetone . His values agreed with the results of KevilllSb 
for dehydrohaloge nation s of indanone derivatives in acetonitrile. 
In summary, the study of leaving group effects on f3-
elimination reactions has illustrated the following characteristics o f the 
E C 'like' transition state -
2 
( a) The quantitative parallel of changes 111 free energy of the SN
2 
transition state and E C 'like' transition state for changes in leaving gr o up 
2 
and the pattern of correlations for E
2
H reactions 1°, 55 suggests that 
base - C interaction takes place in the E C 'like' transition state. 
a 2 
(b) The arrangement of atoms about C in 
a 
the E C 'like I transition 
2 
state is very 'loose', i.e. the leaving group - C 
a 
bond is well broken 1n 
the transition state. 
E Comparison of aromatic substituent effects in SN and solvolysis 
2 
reactions. 
In earlier sections of this discussion it was proposed that 
in E
2
C 'like' reactions, aromatic a and f3 substituents do not conjugate 
with the double bond in the transition state. Also it was suggested that 
aromatic substituents only interact inductively ( not conjugatively) with 
charge development. The reasons for this sug gestion are not immediately 
obvious. One possible reason for no conjug ation at C could be that the 
a 
leaving group and nucleophile are both interacting with the developing p -
orbital at C and the a substituents are therefore unable to interact with 
a 
the de v e 1 oping p- orbital. 
The best model to test this supposition is the comparison of 
the substituent effects in SN 
2 
and sol vol ysis reactions. 
In TABLE XXVII are presented the rate constants for SN 
2 
and solvolysis reactions of .E_ara-substituted benzyl bromides. In Figure 5 
is presented the Hammett p - CJ+ plot for the solvolysis of para substituted 
1-bromo-l-aryl propanes (where p = -5.30) and the Hammett p - a+plot 
for the SN
2 
reactions of chloride ion on para substituted l-bromo-1-aryl 
propanes. In figure 8 are presented the Hammett p - CJ plot for the 
10 8 
SN
2 
reactions of chloride ion, onEra substituted l -bromo-1-aryl propanes 
and para substituted benzyl bromides. Figures 5 and 8 both show the typical 
U shaped Hammett plot for SN reactions at benzylic carbon. 
2 
TABLE XXVII 
Rate constants for SN ( log k S) and solvolysis ( log k ) 
2 2 1 
reactions of para substituted benzyl bromides 
+a a b C d 
para subst. CJ CJ log k 1 
log k S log k
2
S 
2 
N0
2 + 
. 79 + .778 - 7. 3 - 1. 7 5 - 0. 9 6 
H 0 0 - 4. 04 - 2. 18 - 1. 81 
CH
3 
- . 391 - . 1 70 - 2. 4 7 - 1. 7 6 -
CH
3
0 - .77 8 - .268 + 0. 1 - - 1. 41 
Footnotes TABLE XXVII 
a 
b 
C 
d 
Values from Reference 40. 
Rate constants for solvolysis of l-bromo-1-aryl propanes 1n 
90% acetone water at 75°C. Results from TABLE IV. 
0 
Rate constants for SN
2 
reactions of chloride ion in DMF at 25 C 
with l-bromo-1-aryl propanes. Results are from TABLE VI. 
Rate constants for SN
2 
reactions of para substituted benzyl 
bromides with chloride ion in acetone at o0 c. Results from 
TABLE XVII. 
If it is considered that the solvolysis transition state is the 
optimum situation for conjugation of aromatic substituents with the 
reacting centre, then the p value of - 5. 30 for sol volysis of l -bromo-1-
aryl propanes is the result of combined inductive and conjugative effects 40 . 
The transition state is very like a carbonium ion, so that any conjugation 
is with vacant p-orbitals rather than occupied p-orbitals. The existence and 
magnitude of this conjugative effect is demonstrated by comparison of 
,-
0 
(.Q 
7' 
-, 
I 
-2 
I 
Figure 8 
The Hammett p - crplot for SN2 reactions of l-aryl-1-bromopropanes with chloride 10n 
in DMF and l-aryl-1-bromomethanes (benzyl) with chloride ion in acetone 
0 = 4xc 6Jr l~ cn2nr + Cl -
x = hxc6TT4 Clill r CH2 CJTJ + Cl -
0 
X 
0 
X 
MeO Me H \ 
0 
>< 
-J+-------------~~-------------l...----------~~----------~----------~------------1.----------------.L-.....----------~~--------'---------------1.-'--------------.J-__-----~~~ NO 
- ·3 
-·2 -·I 0 · I 
·2 ·3 
·4 ·5 . · 6 ·7 . 8 
cf 
~ - --- - . -
....... 
-4 
.-
0 - S 
(0 
" 
'
,, 
I' 
Figure 9 
Hammett p - a and p - CJ graphs for solvolyses of 2-bromo propanes as in TABLE XIII 
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3 
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figures 5 and 9. Figure 9 is a Hammett p - a and p - a plot for 
the solvolysis reactions of 2-bromo-1-ary l propane s and 2-b romo butane . 
A good linear correla t ion is obtained for both plo t s \vith p = -0. 73. 
It would be unexpected that th e induc ti ve e ffect of th e para 
substituted aromatic substi t uents should decrease g reatly o n c h ang ing 
1 l 1 
from RCHXCH CH to RCH CHXCH so that the p value for the 2-b rom o-1-
2 3 2 3 
aryl propan es is probably representati ve of the inductive component i n the 
l-br omo-1-aryl propanes bO . If this is acceptable then the majority o f the 
lar ge difference between p = -0. 7 3 and p = - 5. 3 is due to the conjugative 
interactions in the l-bromo-1-aryl propanes. These values are compar a ble 
with other results in related systems , e.g. the solvolysis of Z-aryl-2-
% 0 . 40 chloro propanes in 90 acetone water at 25 Chas a p = -4. 54 and the 
solvolysis of l-aryl-Z-chloro-2-methyl propanes in methanol at 66. s0 c 
60 .. has a p = -1. 15 . Therefore 1t 1s observed that the decrease in p value 
is due to the disappearance of a conjugative effect60 caused by the insertion 
of a methylene group between the aryl substituent a n d the reaction centre. 
This form of treatment can be applied to SN reactions. If a 
2 
conjugative interaction were taking place in the SN transition state of 
2 
benzylic systems then this would be revealed by the comparison of the 
effects of a-aromatic substituents and f3-aromatic substituents on 
rates of reaction. 
In TABLE XXVIII are presented the rate constants for ( i) the 
SN2 reactions of 2-bromo-1-R propanes w ith chloride ion in DMF at zs
0 c, 
( ii) the solvolysis reactions of the same compounds in so% acetone water 
at 75°C, and ( iii) the SN reactions of l-R-2-ethyl _E-toluene sulphon a tes 
2 
with ethoxide in ethanol at 30° C. 
TABLE XXVIII 
Ra te constants , for SN reactions of l-R-2-bromo propanes 
. 2 
with chloride ion in DMF at 25°C ( log k
2
S), the SN 
2 
reac tions of l - R -2 -ethyl £_-toluene sulphonates with ethoxide 
in ethanol at 30°C ( log k 2S), and the rate constants for 
112 
solvolysis of l-R-2-bromo propanes in so% acetone water at 75°c. 
a b a C R log k
2 
S log k
2
S log k a 1 
Cl-/DMF O Et- /EtOH 
CH
3 
-3.43 -3.7 -4.26 -
C6H5 -4. 1 7 -4. 13 -4.62 0 
4N0
2
C
6
H
4 -3.69 
-
-5.25 + .77 8 
4CH
3
oc
6
H
4 
-4.0 -4. 12 - -.268 
4Cl c 6 H 5 - -3.99 
- +. 227 
3Br c
6
H
4 
- -3.74 - +- • 39 1 
Footn otes TABLE XXVIII 
a Reaction s of l-R-2-bromo propanes . Resul ts are from 
b 
TABLES IV and VI. 
Rate constants for SN
2 
reactions of l-R-2-ethyl E_-toluene 
sulphonates . Values are from Reference 61 & 42 
c From Reference 40. 
The results in TABLE XXVIII are presented graphically in 
,,, 
-,-
):: C 
a 
0 
+ 0. 6 
-
-
-
-
figure 10 which is the Hammett p - a and p - a plot for the SN 
2 
Reactions 
of l -R-2-bromo propanes with chloride ion in DMF and in figure 11 which 
,,, 
,,, 
is the Hammett p - a and p - a plot for the SN
2 
reactions of l-R-2-
ethyl .12.-tolue ne sulphonates with ethoxide ion in ethanol. 
The results in TABLE XXVII show that the rates of SN
2 
reactions 
are relatively insensitive to changes in para substituent in an a aryl group 
compar ed to the effect of the same changes in para substituent on the rate 
of sol vo l ysis reactions. This is further exemplified by the change from 
-3 
r- .. 4. 
0 
(0 
" 
,,, 
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Figure 10 
Hammett p - a and p - cr graphs of an SN
2 
reaction of l-R-2-bromo propane with 
chloride ion in DMF as in TABLE XXVIII 
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Hammet p - cr and p - a graphs for SN2 reactions of 2-R ethyl _E-toluene sulphonate with 
ethoxide ion in ethanol as in TABLE XXVIII 
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R = methyl to R = phenyl. T_he rate of solvolysis is increased by 1000 
times while the rate of SN2 reactions are increased only 20-40 times 
( see TABLES XVI and XVII). 
If it is considered that conjugative interactions exist in the SN 
11 5 
2 
transition states of benzylic compounds, then a criterion for the occurre nce 
of this interaction would be a large decrease in the sensitivity of the SN 
2 
transition state, to 12ara aromatic substituents when changing from an 
a aryl to a (3 aryl substituent. Comparison of the kinetic resul ts in 
TABLES XXVII and XXVIII as well as comparison of figures 10 and 11 
with figures 5 and 8 show that this is not the situation. In fact it is 
remarkable how similar the Hammett p - a plots for SN reactions are on 
2 
changing from a aryl to (3 aryl substituents. 
The gentle U shaped curve for a aryl substituents has been 
discussed before 
13
' 
33
. The U shaped curve for (3 aryl substituents 1s 
probably due to the same cause. This has been observed before42 
however, the curve was represented as a very poor linear correlation. 
This treatment suggests that there is only relatively small 
conjugative interactions in the SN
2 
transition state. If the extension 1s 
made to E 2 C 'like' reactions then the same method o f analysis can be 
applied. The Hammett p value is -0. 61 for the dehydrobromination of 
l-aryl-1-bromo propanes with bromide ion in acetone at 75°C (figures) 
and for the dehydrochlorination of l-aryl-2-chloro-2-methyl propanes 
with sodium. methoxide in methanol to give the Hofmann olefin the Hammett 
14 
p value is -0. 10 . Therefore it appears that there is no conjugation of 
charge development or double bond development in the E C 'like' 
2 
transition state. This form of approach can the refore be described as a 
measure of conjugation of a aryl substitue nts with a reaction centre. 
In summary, this Hammett p - a analysis, and product analysis 
all suggest that the double bond does not conjugate with aromatic 
substituents in the E C 'like' transition state. A possible reason for the 2 
lack of conjugation of a aryl substituents has already been proposed, but 
it is still not clear why ~ aryl substituents show only slight, if any, 
conjugation with the developing double bond. This is the only aspect 
of E C 'like' reactions which has not been investigated and the need 
2 
for further work is obvious. 
F Debromination and debromotosylation reactions 
Only a small number of results have been determined with the 
intention of supplementing work by other re searchers 13 ' 2 7 ' 58 . It was 
. 13 
considered by Parker that a spectrum of transition states, similar to 
1 16 
the E
2
C-E
2
H spectrum, may exist for debromination and debromotosylation 
reactions. Although they have not observed any evidence sugge sting 
C -base interaction for de brominations promoted by mercaptide s or 
a 
iodides, this does not exclude the possibility that such a spectrum exists. 
In TABLE XXIX are presented some tosylate-bromide rate 
ratios (log k
2
( OTos) - log k
2
(Br)) for debromination and debromo-
tosylat-ion reactions promoted by cyanide ion and 4-nitro thiophenoxide 
ion in acetone. In the de bromoto sylation reactions the carbon bonding 
to the tosylate is assigned as the a-carbon atom. This is possible 
because the tosylate leaving group cannot act as an electrophilic centre, 
which is evidenced by the fact that cyclohexyl-trans-1, 2-ditosylate 
does not produce cyclohexene when treated with 4-nitro thiophenoxide. 
The assignment of tosylate:bromide rate ratios for SN
2 
reactions is 
made by using the same assumption as in TABLE XXVI ( see footnote k) . 
a 
Base 
CN 
-ArS 
TABLE XXIX 
Tosylate-bromide rate ratios (lo g k
2
(0Tos)-log k
2
(Br)) for 
debromination and debromotosylation of trans-2-bromo 
cyclohexyl X with NBu
4
CN and NBu4ArS in acetone at 75°C. 
log k( OTos)-lo g k( Br) 
SN 
b 
+.5 
b 
+.5 
2 
log k(OTos)-log k(Br) t:.(SN
2
-E
2
) 
E 2Hal 
C 
+ o. 87 
C 
- o. 37 
- 0. 4 
+ 0.84 
Footnotes TABLE XXIX 
a 
b 
C 
ArS - 4-nitro thiop~enoxide and X represents the leaving 
groups tosylate and bromide. 
Assigned using the convention 1n TABLE XXVI, footnote k. 
Results for debromination from Reference 20 as determined 
by Mr. M. Ruane. 
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The analysis of leaving group effects for E
2
C 'like' reactions, 
presented in the Discussion, Section D, can be extended to E
2
Hal reactions. 
It has already been shown that E Hal reactions, similar to E C 'like 1 
1 f . 2 . . f l . 1 ~ , 2 7 Al reactions, strong y avour anti or1entat1on o eav1ng groups . so, 
from transition state solvent activity coefficients it is suggested that 
debromination reactions promoted by 4-nitro thiophenoxide pass through 
a transition state which is of comparative 'tightness' to the E H transition 
2 
state 
13
. The 6 ( SN -E ) value for 4-nitro thiophenoxide in TABLE XXIX 2 2 
when compared with the 6 ( SN -E ) values for dehydrobromination and 
2 2 
dehydrotosylation 1n TABLE XXVI correlate remarkably well with this 
observation. 
The interesting result, therefore, is the cyanide ion result which 
gives a 6 ( SN
2
-E
2
) value closely comparable with that which is observed 
for E 2 C 
I like ' reactions . The direct s u g g e s ti on fr om this is that the 
transition state for cyanide ion promoted debromination is very'loose 1 , 
similar to the E 2 C 'like' transition state. Although the inference that Ca. -
base interaction is taking place cannot be made from these results, it is 
interesting to note that this base substrate system is utilising a 'loose' 
transition state which would be expected for an E C 'like' type of transition 
2 
state for debrominations. 
G The E C 'like' transition state 
2 
At this stage of ·this thesis it is pertinent to provide a complete 
description of the E
2 
C 'like I transition state. Winstein and Parker in their 
1 . bl· · 9 ' 11 .b h. h f l ear 1er pu 1cat1ons descr1 ed a structure w 1c they e t best 
represented the known facts about ~-elimination reactions promoted by 
weak H-bases. However, it remained at that time to test the validity of 
their description by experiment. The main objec tion to the E C 'like' 
2 
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structure was the inclusion of C -base interaction as an essential quality 
I I 4,14,16 
of the E C like structure . 
2 
The character of the E C 'like I transition state as determined b y 
2 
the evidence presented in the Introduction and Discussion sections of this 
thesis is as follows: 
( a) There is some form of Base-C interaction 1n the E C 'like' 
a 2 
transition state. 
( b) There is a strict requirement of anti arrangement of the f3 proton 
and the leaving group in the transition state . 
( C) 
( d) 
There 1s a well broken C leaving group bond in the transition state. 
a 
There 1s a large degree of double bond development in the transition 
state . 
. ( e) There 1s only slight, if any, development of positive charge at C 
a 
in the transition state. 
( £) There is only slight, if any, development of negative charge at Cf3 
in the transition state. 
( g) The transition state 1s very 'loose'. The 1on1c species produced 
have an almost fully developed charge. 
(h) The double bond developed in the transition state does not conjugate 
with unsaturated a or f3 substituents. 
H The E C 'l ike ' spectrum of transition state structures 
2 4 
Bunnett has described and predicted the effect of base, a and f3 
substituents, leaving group and solvent on the type of transition state 
utilised by strong H bases when they promote f3-elimination reaction s. 
A pr f' 1 m inary analysis of the effect of the above factors on 
movement th r :1 the E 2 C 'like' - E 2 H spectrum has recently been 
submitted for . t1 bli cation62 , and is the result of work carried out by 
a number of chemists. 
( a) The effect of base 
4 
Previously , there was some difficulty in interpreting 
the effect of base, due to the uncertainty as to what criterion of basicity 
should be used. With the advent of the E C-E H spectrum it has now 
2 2 
become clear that both the carbon nucleophilicity and hydrogen nucleo-
philicity ( or basicity) of the attacking base must be considered. 
For a simple alkyl substrate each base will occupy a 
position in the E C-E H spectrum where both properties of the base are 
2 2 
balanced. This has been illustrated by an analysis of variation of leaving 
10 group effects for changes of base . If from any position in the spectrum 
we change to a stronger carbon nucleophile, without greatly increasing 
the H-basicity, then a shift in transition state character towards more 
E
2
C 'l ike' is predicted. For a change to a stronger H-base, a shift in 
character towards the E
2
H side of the spectrum is predicted. Also, 
development of some paene carbanion character 4 would not be unexpected 
depending on the interplay of all other factors. 
(b) The effect of leaving group 
There are considerable differences in the 'tightness ' ( or 
'looseness') of the E Hand E C transition states, i.e. different amounts 
2 2 
of C leaving group bond breaking. It is expected that leaving groups 
a 
which facilitate bond breaking, or vice versa, would cause the transition 
state character to change for changes in leaving group . 
For changes to poorer leaving groups , e.g. tri-methyl 
ammonium or sulphones, a shift towards more E
2
H character would be 
predicted. For changes to more labile leaving groups a shift towards 
more E C 'like I character is predicted. This is well demonstrated by 
2 
the existence of linear free energy relationships ( parallel of SN 
2 
and 
E
2
C 'l ike) for reactions of cyclohexyl tosylate with various bases 9 ' ZO 
For reactio ns of cyclohexyl bromide with these bases there is no such 
linear free energy relationship. This is be cause bromide is a poorer 
leaving group than tosylate and for elimination reactions promoted by 
slightly stronger H bases there is a shift in transition state character 
towards the more E
2
H 'like' side of the spectrum. 
1 1 9 
( c ) The e ff e c t of a sub s ti tu e n ts 
0 0 Increasing substitution of the a carbon atom from 1 to 2 
to 3° causes a 'loosening' of the transition states utilised by the 
12 0 
13,33 
substrate . Therefore, changing to non polar and bulky a substituents 
will, because the E C 'like' transition state is 'loos e 1, cause a shift 
2 
towards more E
2 
C 'like' character. 
Polar a substituents in so much as they affect the streng th 
of the C leaving group bond, may ( depending on their electron withdraw ing 
a 
or electron dona ting ability) cause a shift in either direction. Electron 
withdrawing a substituents should cause a 'tightening ' of the transition 
state and therefore a shift towards more E
2
H 'like ' character. Electron 
donating a substituents should cause a 'loosening' of the transition state, 
and therefore a shift towards more E
2
C 'like' character. 
( d) The effect of f3 substituents 
Bulky, non polar, f3 subs tituents have the same loosening 
effect on the transition state as do a substituents. This is probably due to 
the fact that the bulky substituents have less steric compression about a 
trigonal carbon atom in an olefin than they have about a tetrahedral 
carbon in the reactants. Therefore, for changes to bulky, non polar f3 
substituents, there is a shift towards more E
2
C 'like' character. 
Electron withdrawing f3 substituents, because they acidify the 
'3 proton, will increase the E H characte r of the transition state by 
2 
facilitating Cf3-H bond breaking. Electron donating f3 substituents cause 
the reverse shift because of the decreased acidity of the '3 proton. 
(e) Solvent effects 
Protic sol vents strongly sol vate anions by H-bonding 
interactions 33 . In a 'loose' E C 'l ike ' transition state the nucleophile 
2 
is well solvated, and any destabilisation of the transition state, caused 
by slight desolvation of the nucleophile, is amply reimbursed by salvation 
of the leaving group . An E
2
H type of transition state, where the charge 1s 
almost lost by the nucleophile, and dispersed evenly over the char g ed 
transition state, experiences a destabilisation effect in protic solvents 
due to the necessary desolvation of the nucleophile. Therefore the 
E
2
C 'like transition state is favoured in protic solvents. 
Aprotic sol vents have no stabilising sol va tion of anionic 
species by H-bonding. The E
2
C 'like' reactions go from an anionic 
reaction through a transition state resembling free anions to products 
which contain an anion. Therefore solvent effects are not expe cted to 
stabilise or destabilise the E
2
C 'like' transition state. 
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The E
2
H transition state, because the negative char ge is 
dispersed over a larger centre, is destabilised by protic solvents relative 
to the ground state reactions. Therefore changing from protic solvents 
to dipolar aprotic solvents causes a shift towards more E H character . 2 . 
The situation is complicated by the fact that changing from 
protic to aprotic solvents also changes the activity of the nucleophile and 
it is not certain that the H-nucleophilicity and C-nucleophilicity are 
equally affected by the change since each is an independent property of 
the nucleophile. 
( £) Additivity of all the effects 
It must be remembered as an overriding consideration 
of each of the previous sections that the combined effect of all the factors 
determines the type of transition state utilised in a bimolecular f3-
elimina tion reaction. 
The character of the E
2 
transition state utilised need not 
change when one of the above variables is altered, as the combined effect 
of other factors may more than compensate for the change. 
Examples of this can be found for each factor. For the 
reactions of cyclohexyl tosylate with NBu4 X salts, in acetone, a linear free 
1 · h" · 9 , ZO h. h . f C b energy re ations ip exists w ic was used as evidence or ase 
a 
interaction. This would not have occurred had the E C or E H character 
2 2 
varied greatly on changing from one base to another. The reasons for 
this are in the system chosen. The tosylate leaving group is very labile 
and favours 'loose' transition states and the cylohexyl sy stem also favours 
1 . . 13 s C 'l I I I oose transition states . ince the E ike transition state is loose 
2 
then the effect of leaving group and substrate structure overrides the 
effect of changing the base. However, for reactions of cyclohexyl bromide 
no linear free energy relationship was obtained because the change from 
tosylate to bromide leaving group made the transition state more 
susceptible to changes in H basicity of the baseo 
In the study of leaving group tendencies of E C 'like 1 
2 
reactions, another linear free energy correlation was obtained, which 
demonstrated parallel changes between E
2
C ' like' reactions and SN
2 
reactions for changes of leaving group from tosylate through chloride to 
dimethyl sulphoniumlO, 20 • This inferred there were only slight changes 
in the character of the transition state for changing the leaving group . 
The reason why this occurred is the same as above . The elimination 
reaction s promoted by c h loride ion in the cyclohexyl system were chos en 
to show this correlation , i.e. the base and substrate structure both 
favour 'loose' transition states and dominate changes in leaving group. 
The study of the effect o f c hanges in f3 substituents was also 
b . . 12, 17 I f h . su Ject to such dominance . twas ound t at on changing a (3 
122 
substituent from methyl to bromo to carboxymethyl hardly affected the 
character of the transition state for chloride ion promoted dehydro -
bromination r eactions in acetone. The same reason is, of course, apparent. 
The nature of the leaving group and the base both favour E C ' like ' 
2 
transition states, so much so that they dominate changes in f3 substituents. 
However, with acetate ion as a base, a 10 5 incr ement in rate is observed, 
demonstrating that the acidification of the f3 proton has markedly affected 
the position of the E 2 transition state in the E C-E H spectrum. 2 2 
The question of whether or not the proposal of an E C-E H 
2 2. 
spectrum of transition states is acceptable to the Physical Or ganic Chemist 
is going to be the origin of much controversy in the future. However, 
certain undeniable fa cts arise f rom the data presented in the Introduction 
and Discussion sections o f this thesis . Firstly , the Variable E transit ion 
4 2 
state spectrum proposed by Bunnett cannot adequately explain the 
experimental results obtained for f3 - elimination reactions promoted by 
weak H-bases . Secondly, the application of f3 -el imination reactions 
promoted by bases such as chloride 10n , bromide ion, mer cap tides and 
acetate ion has opened a completely new dimension for synthetic organic 
chemis ts . The criteria of reaction feasibility and reaction products differ 
from the f3-elimination reactions promoted by the "classical" alkoxides. 
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EXPER IMENTAL 
A General 
1 Determination of physical constants etc. 
Melting points were determined using a Kofler micro hot stage . 
They are uncorrected and expressed in degrees centigrade ( 0 c). 
Nuclear magnetic resonance ( NMR) spectra v.rere recorded 
using a Varian Associates HA-100 spectrometer and a Japan Electronics 
Company C60-HL spectrometer. Analysis \Vas carried out in deutero 
chloroform solution ( except where otherwise stated) using tetramethyl 
sil ane ( TMS) as an internal standard. All chemical shifts quoted are 
relative to TMS and are reported on the T scale. 
Quantitative ultra violet spectra were determined on a Gilford 
Model 2400 spectrophotometer. 
Elemental analyses were carried out by the A. N. U. Microanalytical 
Division, Australian National University, Canberra, and are accurate 
+ 
to - 0. 3%. 
2 Purification of sol vents 
Acetone was purified according to the method of Vogel ( Ref. 63) 
by refluxing over potassium permanganate, drying over anhydrous 
. . . 0 ( . 64 0 ) potassium carbonate and fractionation at BP = 56 lit. BP = 56. 2 C . 
~- -Butanol ( !_-BuOH) was purified according to the method of 
Vogel ( Ref. 63) by drying over potassium carbonate, filtering, dissolving 
20 gms of sodium metal in the solvent, refluxing 24 hrs with 50 mls o f 
tertiary butyl benzoate and fractionating, BP= s2°c (lit64 BP= 82. s 0 c). 
Dim ethyl formamide ( DMF) was purified according to method 
65 
of Moe by standing over molecular sieves, passing the DMF through 
a column of alumina under a nitrogen atmosphere, bubbling nitro gen 
through the solvent and rapid distillation u n der high vacuum, BP -
40°/8 mm. The purifie d solvent was stored in a dark bottle over 
molecular sieves. 
Ethanol ( EtOH) was purified by the magnesium ethylate method 
as outlined by Vogel ( Ref. 63) and fractionated, BP= 78°C ( lit. 64 BP = 
78. s0 c). The purified solvent v1as stored under a nitrogen at1nosphere. 
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Water ( H O)was purified by bubbling nitrogen through the solvent 
2 
0 
and then distillation with a constant nitrogen stream, BP= 100 C. The 
purified solvent was stored under a nitrogen atmosphere. 
Methanol ( Me OH) was purified by the magnesium methylate 
method as outlined by Vogel ( Ref. 63) and fractionated, BP= 64°C 
( 64 0 ) lito BP=64.2 C. 
Dimethyl sulphoxide ( DMSO) was purified by standing over 
molecular sieves for one day, fractionating under reduced pressure 
with a nitrogen bleed, and rapid distillation at reduced pressure with a 
nitrogen bleed, BP= 63°/4 mm. The purified solvent was stored in a 
dark bottle under a nitrogen atmosphere and over molecular sieves. 
3 Preparation and purification of nucleophilic reagents 
,,, 
,,, 
Tetra-~-buty l ammonium bromide (NBu4 Br). Commercial samples 
were recrystallised from acetone-ether mixtures, filtered under 
nitrogen and dried for 24 hrs at O. 2 mm and 25°C. 
Tetra-~-butyl ammonium chloride (NBu4 Cl). Commercial 
samples were recrystallised from acetone-ether mixtures, filtered 
under nitrogen and dried for 2 days at 0. 2 mm and zs 0 c. 
Tetra-E_-butyl ammonium perchlorate ( NBu
4 
ClO 4 ). A solution 
of 38 gms of sodium perchlorate mono hydrate in 800 mls of water was 
added slowly with stirring to a solution of 50 gms of NBu
4
Br in 600 mls 
,,, 
,,,All salts were analysed to be greater than 98 % pure. They are all 
handled under a nitrogen atmosphere as most are either hygroscopic 
or react with oxygen or carbon dioxide. 
of water. The precipitated ~olid is filtered, washed with wa ter a nd 
recrystallis e d from m e thanol-water a n d from acetone-ether. The 
crystals were then dried at 0. 2 mm and 25°C for 12 hours. 
Tetra-n-butyl ammon ium p - n itrothiophenox ide ( NBu
4
ArS). 
35. 25 gms of 4, 4'-dinitro diphe n yl disulphide is added to a solution 
of 14 gms of potassium hydroxide ~ nd 27. 5 gms of thiophenol in 300 
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mls of ethanol and the suspension is stirred for two hours. The mix tu r e 
is poured into one litre of water, filtered, acidified, filtered and th e 
residue dissolved in 2 molar potassium hydroxide. The solution is 
acidified, filtered, and the residue dissolved in ether, dried with 
anhydrous magnesium sulphate and the E_-nitrothiophenol recrystalli s ed 
0 ( . 64 0) from ether, MP= 75-77 C lit. MP = 77 . 
A solution of NBu4 0Me w as prepared by reacting a slight excess 
of silver oxide with tetra-n-butyl ammonium iodide (NBu I) in methanol 
- 4 
until no iodide ion is left. A slight excess of E_-nitrothiophenol is then 
added to this solution which is filtered, evaporated and the solid residue 
. 0 ( 27 0 ) 
recrystallised from acetone, MP =109-110 C lit. MP =110 C. 
Tetra-!!_-butyl ammonium acetate (NBu
4
0Ac). A slight excess 
of silver acetate was added to a solution of NBu
4
I in methanol and the 
suspension stirred for 2 hours. Complete reaction was verified by a 
negative test for iodide ion. The solution was filtered, evaporated, 
benzene added, evaporated and more benzene added. The solution was 
applied to an Activity I basic alumina column packed in benzene and 
eluted. The pure crystalline salt left after evaporation of solvent may be 
recrystallised from 40 % benzene-40 % n-pentane-20 % ethyl acetate or 
used in its present form after drying for 3 days at 0. 2 mm and 25°C 
as it is > 98 % pure when analysed for acetate ion. 
Tetra-~-butyl ammonium c y anide (NBu
4
CN). A solution of 
36. 5 gms of NBu4 ClO 4 in 200 mls of methanol was added to 6. 8 gms 
of potassium cyanide in 500 mls o f refluxing MeOH. The suspension was 
refluxed for 3 hours, cooled, filt e red and evaporated, benzene adde d 
and evaporated again. The yellow oil in benzene solution is applie d to 
an Activity I basic alumina column packed in benzene and eluted with 
benzene. The crystalline solid residue left after evaporation of the 
solvent is > 98% pure. However, this may be recrystallis e d from 
0 
acetone-ether mixture and dried for 3 days at 0. 2 mm and 25 C. 
Potassium tert. -bu toxide (KOt-Bu) solution in t -BuOH was 
prepared by dissolving potassium metal in .!_-BuOH. 
Sodium ethoxide ( NaOEt) solution in ethanol was prepared by 
dissolving sodium metal in ethanol. 
Sodium 1nethoxide ( NaOMe) solution in methanol was prepared 
by dissolving sodium metal in methanol. 
4 Preparation and purification of organic comp ·:;unds. 
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The No Mo R. spectrum of all compounds prepared was determined 
and structural determinations were based mainly on this information and 
physical constants reported in the literature. The relevant N. M. R. 
detail is reported later on pp.137-143. 
Simple olefins. Commercial samples of simple olefins were 
analysed by Vapour Phase Chromatography and shown to be> 99 % pure. 
These were distilled and used without further purification for synthetic 
and product analysis work. The boiling points obtained were: cis-2-butene, 
0 ( . 66 0 ) 0 ( . 66 0 ) BP=3 C lit. BP=3 .7 C; trans-2-butene, BP=O C lit. BP= 0.9 C; 
2-methyl-2-pentene, BP= 67°C ( lit. 66 BP= 67. 5°C); cis-4-methyl-2-
o ( 66 ) pentene, BP= 58 C lit . , BP =57. 7 - 58. 5 ; tran s -4-methyl-2-pente n e, 
0 ( 66 0 ) 0 BP=54 C lit. , BP=54.2 -55.2 C; 2-methyl-1-pentene, BP=61 C 
( . 66 0 ) / 64 ht. , BP = 6 1. 5 - 6 2 C ; c is - s ti lb e ne , BP = 1 3 0 8 mm ( 1 it. , BP = 
136-7/10 mm); cyclohexene, BP =82°C (lit. 66 , BP =83°C). 
0 
Trans-stilbene was recrystallised from ethanol, MP= 124 - 125 C 
( 66 0 ) lit. , MP = 124 C . 
2-Bromo butane. A commercial sample was fractio na ted, BP -
0 ( . 66 0) 91 C lit. , BP = 91. 2 and used without further purification. 
1-Bromo propane . Commercial samples were fractionated and 
used without further purification, BP= 70°C ( lit. 66 BP= 70. s0 c). 
2, 6-Lutidine. Commercial reagent was fractionated befor e use, 
0 ( 66 0 ) BP = 142 C lit. BP = 143 C . 
1-Butene. 11 gms of potassium metal was dissolved in 250 mls 
of t-BuOH and 36 gms of 1 - bromo butane was added . The solution was 
r efluxed and the gas evolved collecte d in an acetone -dry ice trap. The 
crude olefin was distilled and analysed by vapour phase chromato g raphy 
% 0 ( . 66 0 ) and shown to be> 98 pure, BP= -6 lit. , BP= -6 . 3 C . 
trans -1 -Phenyl propene . 7. 5 gms of 1 - bromo -1 -phenyl propane 
and 20 gms of NBu4 Br were di ssolved in 100 mls of DMF and refluxed 
for 30 mins. The solution was poured into 300 rnls water, extracted 
with pentane, dried over anhydrous magnesium sulphate , filtered, 
evaporated and distilled. V. Po C. analysis showed> 98% purity, BP -
o I ( . 64 o) 40 C 1mm lit. , BP= 176-7 . 
3-Phenyl propene . Prepared as in Ref. 67 by the reaction of 
phenyl magnesium bromide with allyl bromide in ether, BP= 156°C 
( . 66 0 ) lit. , BP= 156 C . 
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Trans-1-(4-nitrophenyl)-l-propene. 10 mls of 0. 02 molar 1-( 4 -
nitro phenyl)-1-bromo propane, 0. 1 molar NBu4 Br and 0. 05 M 2, 6-
o . lutidine in a c etone was warmed for 8 hours at 100 C in a sealed ampoule 
under a nitrogen atmosphere . The solution was poured into wate r, 
extr acted with hexane, dried over anhydrous magnesium sulphate, 
filter ed , evaporated and recrystallised from EtOH, MP= 94°C ( lit. 68 , 
MP = 94-9 5°C). 
Trans-stilbene. High purity trans-stilbene > 99. 96 % pure was 
required for equilibration experiments . 99. 98% pure trans stilbe ne was 
obtained from preparative Vapour Phase Chromatog raph y using a Pye 
Series 105 Automatic Preparative Chromato g raph installed with a 27 ft. 
3/8 11 OD glass column packed with 20 % SE-30 o n C hromosorb W. AW. 
0 
DMCS. at 210 C with a flow rate of 60 mls per minute . 500 microl itre 
samples in chloroform were injected and collected automatically until 
4 gms of purjfied product had been collected. 
12 8 
2-Methyl-3- pentanol (Ref. 69, supplied by Mr. R. I. Tilley). 
Iso propyl magnesium bromide prepared from 25 gms of iso propyl 
bromide and 5 gms of magnesium in 500 mls ether is reacted rap idly 
with 11 gms of propionaldehyde in 50 mls ethe r. 150 mls of satur ated 
ammonium chloride in water is added . The ether layer is separa ted , 
washed with water, dried over anhydrous magnesium sulphate, filtered , 
evaporated and distilled, BP=l28 - 130°C (lit. 66 , BP= 129.30). 
2-Methyl-3- pentyl E_-toluene sulphonate ( prepared by the Tipson 
method, Ref. 70). 6. 5 gms of 2-methyl-3-pentanol and 13. 2 gms of 
E_-toluene sulphonyl chloride is stirred in 75 mls of A. Ro pyridine for 
3 hours at room temperature until compl ete precipitation of pyridinium 
chloride has been observed. The mixture is poured into ether, washed 
with concentrated hydrochloric acid in water until pH == 2. The ether 
extract is washed with water, dried over anhydrous magnesium sulphate, 
0 
filtered, evaporated and the oil recrystallised from methanol at -70 C 
I O O 0 and dried at 0. 2 mm 20 C for 1 hr and stored at -10 C, M P = 21-22 C 
(no melting point was obtained in Ref. 50). 
l -Phenyl-1-propanol. 160 gms of ethyl bromide and 35 gms of 
magnesium were reacted in 2 litres of ether. 156 gms of benzaldehyde 
in 300 mls of ether was added to the mixture and refluxed for 1 hour. 
The complex was destroyed with 100 mls of water and 2 molar hydrochloric 
acid was added until all the magnesium hydroxide dissolved. The ether 
layer was washed with water, drie d over anhydrous magnesium sulphate, 
filtered, evaporated and the liquid distilled, BP == 92° /4 mm ( lit . 64 , 
BP= 10 5 . 8/10 mm). 
l -Phenyl-2-propanol. 33. 6 gm s of b enzyl methyl ketone in 100 
mls ether is added dropwis e to 4 . 75 gm s of lithium aluminium hydride, 
stirred in 500 mls of ether . The complex is destroyed with 50 mls of 
saturated sodium sulphate solution a nd the white precipitate dissolved 
by the addition of 2 molar hydrochloric acid. The ether layer is washed 
with water, dried over anhydrous magnesium sulphate, filtere d, 
evaporated and the oil distilled, BP ==68°C/ l mm (lit. 64 , BP= 12s 0/25mm). 
12 9 
1-Phenyl- l-propyl acetate. 5 gms of l -phenyl -1-propanol, 6 mls 
of acetic anhydride and 50 mls of acetic acid are refluxed for 3 hours. 
The solution is cooled, poured into n-pentane, extracted with water , 
s% sodium bicarbonate and water again. The pentane layer was dried 
over anhydrous magnesium sulphate , filtered, evaporated and the 
oil distilled, BP =77°C/l mm (lit. 64 , BP== 115°C/16 mm). 
1-Phenyl-2-propyl acetate was prepared by the method of Vogel 
( Ref. 63). x moles of alcohol was re fluxed in 3x moles of ace tic 
anhydride for 3 hours, poured into water and stirred. 5% solution of 
sodium bicarbonate is slowly added with vigorous stirring until pH> 7. 
Ether is added and the ether layer is washed with H
2
0, dried over 
anhydrous magnesium sulphate, filtered, evaporated and the oil 
a I ( . 64 o/ ) distilled, BP = 84 C 2 mm lit. , BP == 115 16 mm . 
l -Phenyl-1-bromo propane was prepared as in Ref. 71 by 
saturating x mls of l -phenyl-1-propanol in 2x mls of benzene with dry 
hydrogen bromide. The benzene solution was washed with water twice, 
dried over anhydrous calcium chloride, filtered, evaporated and 
distilled, BP= 92-94°C/3 mm (lit. 71 , BP =94-95°C/5 mm). 
l-Phenyl-2-bromo propane. l-Phenyl-2-propyl tosylate 'Nas 
made by the Tip:3on ( 70) method as in Ref. 72. 
20 gms of l-phenyl-2-propyl tosylate and 40 gms of T'~Bu
4
Br 
are warmed in 500 mls of acetone at 75°C for 4 hours ( see Ref.89). 
The solution was cooled, poured into ether, washed with water, dried 
over anhydrous magnesium sulphate, filtered, evaporated and distilled, 
BP =89-90°C/8 mm (lit. 71 , BP== 92-93°C/10 mm). 
l -Phenyl- 1- chloro propane. x ml s of l -phe nyl -1-propanol 1n 
2x mls of benzene were saturated with hydrogen chloride until 
precipitation of water was complete. The solution was poured into 
hexane, washed vvith water twice, dried over anhydrous magnesium 
a I ( . 64 sulphate, filtered, evaporated and distilled, BP =86 C 15 mm lit. , 
BP= 87-8°C/15 mm). 
1-( 4-nitrophenyl) -1-propanol vvas prepared as in Ref. 73 by the 
nitration of l-phenyl-1-propanol. A mixture of a-isomer and E_-isomer 
results which was separated by fractionation through a Nester Faust 
Annular Teflon Spinning Band Distillation colum n , BP= l 65°C/ . 2 mm 
(lit. 73 BP =161-162°C/. l mm). V. P. C. of each fraction showed no 
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contamination by the other isomer. 
1-( 4-nitrophenyl)-2-propenol. 25 mls of l-phenyl-2-propyl acetate 
was added dropv,ise to a n1ixture of 180 mls of cone. nitric acid ( SG = 1. 42) 
and 45 mls of cone. nitric acid ( SG = 1. so) at 0° C. and stirred 
for 2 hours at o0 c. The reaction was monitored by V. P. C. and was 
0 
complete after 2 hours at O C. The mixture was poured onto 500 gms of 
ice, extracted with ether and the ether layer was washed with water twice, 
dried over anhydrous magnesium sulphate, filtered, evaporated and the 
yellow oil was analysed by V. P. C. This showed two major peaks ( o and 
E isomer) and a third small peak, presumably the meta isomer. 
The mixture of oils was refluxed in a mixture of 150 mls of 90 % 
EtOH and 35 mls of cone. hydrochloric acid for 6 hours. The reaction 
was worked up as previously and the yellow oil was separated into pure 
ortho and para isomer by spinning band distillation. The para isomer 
0 
was recrystallised from ether, MP = 65- 66 C. 
Analysis: Expected 
Found 
C= 59.66 
C = 59. 79 
H = 6. 12 
H = 6. 13 
N = 7. 73 
N=7.53 
1-(4-nitro phenyl)-1-bromo propane. 1 gm of 1-(4-nitro phenyl)-
1-propanol and 6 gms of hydrobromic acid ( SG = 1. 49) were refluxed for 
10 minutes and cooled. The solution was poured into ether and extracted 
with water. The ether layer was washed with water twice, dried over 
anhydrous magnesium sulphate, filtered and evaporated. The oily residue 
was rapidly filtered through activated charcoal while in an-hexane solution. 
The product recrystallised from n-hexane on cooling, MP =60-61°C. 
Analysis Expected · C = 44. 28 
Found C = 44. 03 
H = 4. 13 
H = 3. 96 
N = 5. 74 
N= 5. 74 
1-( 4-nitro phenyl) -2-br omo propane. 9 gms of 1-( 4-nitro phenyl)-
2-propanol and 100 mls of hydrobromic acid ( SG = 1. 49) were refluxed 
for 15 minutes, cooled, extracted into ether, washed with water, dried 
over anhydrous magnesium sulphate, filtered , evaporated and N. M. R. 
on the oil showed 90 % alkyl bromide and 10% olefin. The oil was fractionated 
and the fraction, BP= 142°/2. 5 mm analysed as> 98% pure by N . M . R. 
and analysis. 
Analysis expected: Br - 32. 74%, Found: Br = 32. 25 %. 
1-( 4-methyl phe nyl)-1-propanol. 8. 8 gms of propionald e h yde 
1n 50 mls of ethe r was added dropwise to the Gr ignar d compl ex fo r m ed 
from 26 gms of 4-b r omo toluene and 4 gms of magne sium m e ta l i n 500 
mls of ether. The reaction was quenched with 100 mls of satur a ted 
ammonium chloride solution. The ether layer was washed wi th w a te r, 
dried over anhydrous magnesium sulphate, filtered, evapor a te d and th e 
o I ( . 64 o / ) oil distilled. BP= 100 C 6 mm ht . , BP= 118-120 C 23 mm . 
1-( 4-methyl phenyl) -1-bromo propane. x n1ls of 1-( 4-methyl 
phenyl) -1-propanol and 2x mls of benzene at 0°C were saturated with 
hydro gen bromide until precipitation of water was complete. The solution 
was poured into n -pentane , washed with water and the n-penta.n e layer 
dried o ver anhydrous magnesium sulphate, filtered, evaporated and the 
oil, which was analysed by N. M. R. and bromide analysis , was 90% pure 
alkyl bromide with the corre sponding trans-(4-methyl phenyl)-1-propene 
as the only impurity. Physical attempts to separate this mixture were 
unsucces sful be cause (a ) the alky 1 bromide decomposes on di3 tilla tion, 
V. P. C. or column chromatography, and (b) filtration through activated 
charcoal in pentane solution gave only slight improvement in the purity. 
Therefore the mixture of 90% 1-( 4 -methyl phenyl) -1 -bromo propane and 
10% trans -1-( 4 - methyl phenyl )-1-propene was used for all kinetic work. 
1-( 4-methoxy phenyl ) -1-propanol was prepared as in Ref. 74 
by the reaction of 4-methoxy phenyl magnesium bromide with propion-
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. o I ( 14 o I , aldehyde 1n ether . BP= 118-120 C 2 mm lit. , BP= 120. 5-121 C 4mm; . 
1 -( 4-me thoxy phenyl) -1 - chloro propane. x mls of 1 - ( 4-methoxy 
phenyl) -1-propanol in 2x mls of n-pentane at 0°C was saturated with 
hydro gen chloride until complete precipitation of water. The pentane 
layer was washed with water twice, dried over anhydrous magnesium 
sulphate , filtered, evaporated and the oil analysed by N. M. R. and 
chlor ide analysis which showed the oil as 7 s % alkyl chloride and 25 % 
anethole . Identical problems of purification were found with this compoun d 
as with 1-( 4-methyl phenyl) - 1-bromo propane so that this mixture was used 
for all kinetic work . 
1 -( 4-me thoxy phenyl) -2-propanol, prepared as in Ref. 7 8 by 
the reaction of 1 -( 4-methoxy phenyl) propene with N -bromo succ inimide, 
d ehydrobromination of the bromohydrin formed and reduction of the 
ketone. The product oil was fractionated, BP= l 12°C/3. 5 mm (l it. 7 8 , 
BP= l 19°C/4 mm). 
1 -( 4-methoxy phenyl) - 2-bromo propane. 2 mls of 1 -( 4-methoxy 
phenyl)-2- propanol was mixed with 20 mls of hydrobromic acid ( SG = 
]32 
1.49) and refluxed for 10 mins. The mixture was poured into n - pentane, 
washed tv.,ice with water, the pen tane layer dried over anhydrous magnesium 
sulphite, filtered and evaporated . N. M. R. showed the product to be 90% 
pure. Careful fractionation at reduced pressure gave a clear, colourless 
0 
oil, BP = 110-111 C/1 mm. N. M. R. and bromide analysis showed the 
product to be 99 % pure . Br calculated= 34 . 9 %, Br found = 34. 5 %. 
1, 2-diphenyl ethanol was prepared as in Ref. 75 by the reaction 
of benzyl magnesium chloride with benzaldehyde and recrystallised 
0 ( . 64 0 ) from pentane -benzene. MP= 67 C lit . , MP = 67 C • 
l -Bromo-1, 2-diphenyl ethane was prepared as in Ref. 76 by 
the reaction of 1, 2-diphenyl ethanol with hydrog en bromide in n-pentane 
at -70°C. The clear oil was filtered through actjvated charcoal which 
removed all contaminating cis and trans stilbenes . This was verified by 
U • V • a na 1 y s i s . 
~-Diphenyl ethyl acetate was prepared as in Ref. 77 by the 
acetylation of 1, 2-diphenyl ethanol in refluxing acetic anhydride and acetic 
acid. The oil isolated was distilled. BP = 202° C/ 9. 5 mm ( lit. 64 , BP = 
202-20 5° c/10 mm). 
3- Bromo cyclohexene was prepared as in Ref. 79 by the reaction 
of N-bromo succin i mide with cyclohexene in carbon tetrachloride. BP = 
0/ ( 64 0 ) 7 8 30 mm lit. , BP = 74 /28 mm . 
3-Chloro cyclohexene \Vas prepared as 1n Ref. 80 by the re action 
of cyclohexe ne and .!_-butyl hypochlorite in the presence of benzoyl peroxide. 
a I ( . 64 o / ) BP= 49. 5 C 12 mm lit. , BP= 65-66 C 40 mm . 
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3-Acetoxy cyclohexene \Vas pr epared by Vogel's ( Ref. 63) 
standard method of acetylation with acetic anhydride. BP= 67-68°C/ll 
( lit. 64 , BP = 35°/ o. 4 mm ). 
mm 
3-E thoxy cyclohexene . 11. 5 gm s of trans - 1, 2-dibromo eye lohexane 
was refluxed with 200 mls of 1 molar sodium ethoxide in ethanol for 24 
hours. 150 mls of ethanol \Vas r emoved by distillation . The remaining 
solution was neutralised with 2 molar hydrochloric acid ,poured into 300 
mls of water and extracted with n-pentane . The pentane laye r was \Vashe d 
with water, dried over anhydrous sodium sulphate , filtered, evaporated 
and the oil di s tilled. BP= 60°C/ 20 mm (lit. 64 , BP= 154°c). 
4-Nitro phenyl cyclohex-2-ene sulphide. 1. 5 gms of 4-nitro 
thiophenol, 10 mls of pyridine and 3. 2 gms of 3-bromo cyclohexene in 
40 mls of DMF were warmed until the colour faded, poured into ether, 
washed with water, neutralised to pH = 2 with 2M hydrochloric acid, 
washed with water, dried over anhydrous magne sium sulphate, filter ed , 
evaporated and the residue recrystallised from methanol. MP= 54-ss 0 c. 
Analysis: Expected C 61. 25 
C 61. 55 
H 5.57 
H 5. 68 
N 5. 95 
N 5. 80 
2, 3-Dibromo cyclohexene was prepared as in Ref. 81 by the 
reaction of cyclopentene with bromoform and pota ss ium !_-butoxide in 
.!_-butanol. The product isolated was thermally r earranged and distilled. 
BP= 76°c/. 8 mm (lit. 81 , BP= 94°C/4. 5 mm). 
1-Bromo cyclohexene . 25 gms of 2, 3-dibromo cyclohexene and 
5 gms of lithium aluminium hydride were mixed in 250 mls of ether and 
refluxed for 24 hours. 100 mls of saturated sodium sulphate solution was 
added slowly. The ether layer was washed with water, dried over anhydrous 
sodium sulphate, filtered, evaporated and the oil was d istilled . BP= 
54-56 °c/20 mm ( lit. 64 , BP = 48°C/ 14 mm). 
cis -1, 2-Dib romo cyclohexane was prepared as in Ref. 82 by the 
photolys is of 1-bromo cyclohe xene and anhydrous hydrogen bromide in 
n-hexane. The oil was distilled. BP = 100° C/8 mm ( lit. 64 , BP= 115 ° C/ 
14 mm). 
trans- I, 2- Dibromo cyclohexane. To 30 gms of cyclohexene in 
150 mls of carbon tetrachloride at 0°C was added 58 . 5 gms of bromine 
in 150 mls of carbon tetrachloride. The solution was washed with 10 % 
sodium bicarbonate solution and water . The CC14 layer was dried over 
anhydrous magnesium sulphate, filtered , evaporated and the oil distilled. 
0/ ( . 64 0 / ) BP = 7 2 2. 5 mm ht . , BP = 101 C 14 mm . 
cis-1, 2-Dichloro cyclohexane was prepared as in Ref. 83 by the 
reaction of cis- 2-chloro cyclohexanol with thionyl chloride in pyridine. 
. . . o I ( . 66 o / ) The 011 was d1st1lled . B .P :;:: 91 C 20 mm ht. , BP = 93. 5 C 22 rnm . 
~-1, 2-Cyclohexane diol was prepared by the .1nethod of Vo gel 
( Ref. 63) by the reac tion of cyclohexene with osmium tetroxide, and 
hydrogen peroxide in t-BuOH. The product was recrystallised from ethyl 
ace tate. MP =96°C (lit. 63 , MP =96°C). 
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<2.§- 1, 2- Diac etoxy cyclohexane was prepared by Vogel I s ( Ref. 63) 
standard method of acetylation with acetic anhydride and distilled. 
o I ( . 64 o / ) BP = 1 1 8 C 1 3 mm l 1 t. , BP = 1 1 8 C 1 3 mm . 
tls -2-Bromo c yclohexanol was prepared as in Ref. 84 by the 
aluminium iso-propoxide reductio n of 2-bromo cyclohexanone in iso-
propanol. The liquid was distilled. BP= 62°c/1. 5 mm ( lit. 64 , BP= 60°C/ 
1 mm). 
cis-2-Br om o cyclohexyl-Q-toluene sulphonate was prepared as in 
Ref. 85 by using the Tipson method of reacting c is-2-bromo cyclohexanol with 
£_-toluene sulphonyl chloride in pyridine . The product was recrystallised 
0 ( . 85 0 ) from n-pentane-benzene. MP= 78-79 C lit. , MP = 79- 80 C . 
~-1, 2-Cyclohexane diol di 12.- toluene sulphonate. cis-1,2- Cyclo-
hexane diol was esterified by the Tip son method 70 as in Ref. 86 and 
0 ( 86 
recrystall ised from methanol. MP = 128-1 2 9 C lit . , MP = 128 . 5 -
129. s
0
c). 
trans - 1, 2 - C yclohexane diol di 12.- toluene sulphona te. trans - 1, 2 -
Cyclohexane diol was esterified by the Tip son method ?O and recrystallised 
0 0 ( 86 0 ) from methanol, MP=l08 -109 C lit. , MP= 108 - 109 C . 
trans-1, 2-Cyclohexane diol was prepared as in Vogei(Ref. 63) 
by the reaction of cyclohexene with formic acid and 30 % hydrogen 
peroxide. The solid was recrystallised from ethyl acetate . MP= 102. 5 -
0 ( 66 0 1 0 3 C 1 it. , MP = 1 0 3 C) . 
trans-2-Bromo cyclohexanol was prepared as in Ref. 87 by the 
reaction of N-bromo succinamide and cyclohexene in water . The liquid 
was distilled. BP= 73°C/5 mm (lit. 87 , BP= 73-75°C/5 mm) . 
tr ans-2 -Bromo cyclohexyl E_-toluene sulphonate was prepared 
as in Ref. 85 by the Tipson method and recrystallised fro1n methanol, 
MP-=44-4S°C (lit. 85 , MP =44-4S°C). 
S Apparatus for kinetic measurements 
( a) Thermostats 
Kinetic measurements were car ried out at set temperatures fro1n 
0 0 
0 C to 100 C. All thermostat temperatures were measured with previously 
calibrated precision the rmome ters. 
o
0
c. Two methods were used to maintain temperatures at 0°C. 
The first method used was to place the container in a melting ice bath. 
+ 0 . Variation in the tempera ture control was - . 2 C. The second method 
0 was to set a Haake-Kryo thermat model KT41, containing ethanol at O C. 
+ 0 Variation in the tempe .... ature control was - . 1 C. 
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25°C. An insulated stainless steel bath containing 50% polyethylene 
glycol and 50% water was maintained at 25°C by a Braun-Melsungen Immersion 
Thermostat Unit model Thermomix II. Variation in temperature control 
was+ • 1 °c which was the same for all baths controlled by Braun Units. 
0 
50 C. An insulated stainless steel bath containing 100% poly-
ethylene glycol was maintained at 50°C by two Braun Melsungen Immersion 
Thermostat Units model Thermomix II. Variation in temperature was the 
0 
same as for 25 C. 
0 0 
75 C and 100 C. Insulated stainless steel baths containing liquid 
paraffin, BP WMZ were maintained at 75 °c and 100° C by Braun Melsungen 
Immersion Thermostats model Thermomix-universal. Variation in 
+ 0 temperatur e control was - . 1 C. 
( b) Constant Volume Pipettes 
Pipettes of different volumes were constructed with a two-way 
tap, fitted above the bulb of the pipette. The device enabled samples of 
a constant volume to be withdr awn quickly from reaction mixtures . The 
0 pipette was calibrated for various solvents at 20 C, using a standard 
drainage time. 
B Nuclear Magnetic Resonance Spectra ( N. M. R.) 
1\J. M. R. spectra have been determined for all compounds 
mentioned in section 3. All spectra not reported were as predicted 
from a prior under standing of N. M. R. No detail is given for any 
cyclohexyl compounds because all compounds prepared have been 
previously reported in the literature and in all cases the expected 
boiling point ( or melting point) was obtained. Physical constants 
for several compounds could not be determined so that elemental 
analysis and N. M. R. were the methods used to determine or verify 
structures. The N. M. R. spectra of these compounds and all other 
compounds in their systems are recorded. 
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TABLE XXX 
a N. Mo Ro spectral data for l-aryl-1-propyl system 
y -
X -
H N0
2 
OH Br 
y 0 
Ar 
C H·X-C H-C H 
2 3 
A B C 
Compound Pioton r value 6 Description 
::entre of 
Integ-
toation 
H OH Ar 
A 
B 
C 
OH 
signal 
2. 82 single peak 
5 . 6 5 tr i pl e t 
8.40 
9. 19 
6.70 
broad multiplet 
triplet 
singlet 
5 
1 
2 
3 
1 
5 cps 
----------~---------------------------------- -------- -------
H OAc Ar 2.76 
4.39 
8. 18 
9. 16 
8eQQ 
singlet 
triplet 
multiplet 
triplet 
singlet 
5 
1 
2 
3 
3 
7 cps 
13 7 
J C 
BC 
7 cps 
7 cps 
---------- ------------------ --------------------------------- -----
H Br Ar 
A 
B 
C 
2. 71 
5. 18 
7.85 
9o06 
broad singlet 
triplet 
broad multiplet 
triplet 
5 
1 
2 
3 
7 cps 
7 cps 
---------- ------------------ ------------------------~------------
H Cl Ar 
A 
B 
C 
2.75 
5.34 
8.00 
9.03 
singlet 
triplet 
broad multiplet 
triplet 
5 
1 
2 
3 
7 cps 
6 cps 
----------------------------------- ----- -------------- --------------
.... 
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TABLE XXX ( Continued) 
Compound Proton T value Description Integ- JAB JBC 
centre of rati on y X signal 
N02 OH Ar 2.22 
typical para 4 
disubstituted 
A 5o30 triplet 1 6 cps 
B 8.22 broad multiplet 2 
C 9o07 triplet 3 7 cps 
OH 7o38 singlet 1 
----------- -------- --------- -------------- --
------- - -------- ------
N02 Br Ar 2. 14 ;npica l para 
4 
1substitute d 
A 5. 10 triplet 1 7 cps 
B 7.77 broad multiplet 2 
C 8.96 triplet 3 7 cps 
----------- --------· --------- -----------------
-------- -------- ---- ---
CI-I 0 OH Ar 3.05 typical para 4 
3 di substituted 
A 5.58 triplet 1 7 cps 
B 8.30 broad multiplet 2 
C 9. 15 triplet 3 
CH 0 
3 
6029 singlet 3 7 cps 
OH 7.07 singlet 1 
-----------
--------
--------- ----------------
-------- - -- ---- -------
CH
3
0 Cl Ar 2.96 typical par a 4 
disubstitute d 
A 5.27 triplet 1 7 cps 
B 7.94 broad multiplet 2 
C 9o04 triplet 3 7 cps 
CH
3
0 6.28 singlet 3 
---------- · --------
--------- ----------------
-------- ------- -------
c~ OH Ar 2.88 broad singlet 4 
A 5.58 triplet 1 6 cps ' 
B 8.30 broad multiplet 2 
C 9. 15 triplet 3 7 cps 
CH 3 7.70 singlet 3 
OH 7o36 single t 1 
----------- --------- --------- --------------- -
-------- ------- ~------
CH3 
Br Ar 2. 83 typical para 4 
disubstituted 
A 5. 16 triplet 1 7 cps 
B 7.80 broad multiplet 2 
C 9.02 triplet 3 7 cps 
CH3 7.69 singlet 3 La ....... 
Footnotes TABLE XXX 
a 
b 
C 
All spectra determined in deutero chloroform solution 
0 
at 20 Co 
+ 
T values are accurate to - Oo O 1 
+ J values are accurate to - Oo 5 cpso 
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TABLE XXXI 
a No Mo R . spectral data for the l-aryl-2-propyl system 
y C H 0 
3 
X O H Br O -COCH
3
(0Ac) 0 
y 0 CH-CHX-CH 2 3 
Ar A B C 
Compound Proton rr value b Description Integ- J c,d , 
AB 
y X r:;entr e of ration pignal 
H OH Ar 2.83 broad singlet 5 
A 7.35 doublet 2 6 cps 
B 6.07 complex multi- 1 
plet 
C 8083 doublet 3 
OH 8.00 singlet 1 
----------
1- ---------- ,--------
~---------------- ------ -- --------· 
H OAc Ar 2.80 singlet 5 
A 7. 10 complex multi- 2 
plet 
B 4.90 complex multi- 1 
ple t 
C 8. 81 doublet 3 
O-COCH
3 8.06 singlet 3 
---------- ----------
r--------· 
----------------
-------- --------
H Br Ar 2.79 broad singlet 5 
A 6. 91 complex multi - 2 
plet 
B 5.76 complex multi - 1 
C 8.35 ~let doubl t 3 
------- ----
----------
--------
------------- ---
--------
r--------
H Tose Ar( Tos) 2. 65 ~pical para 4 
1substituted 
Ar 2.96 broad multiplet 5 
A 7.20 broad multiplet 2 
B 5.29 broad multiplet 1 
C 8. 7 2 doublet 3 
C H
3 7. 65 singlet 3 
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3 BC 
C 
6 cps 
----- -
6 cps 
------
6 cps 
- - - - -
6 cps 
---------------------------- --- ---- ------- ------------· -------------
' 
-. 
14 1 
TABLE XXXI ( Continued) 
Compound Proton T value Description Integ- 3AB 3BC 
centr e o f ration 
X y signal 
N02 
O H Ar 2.27 typical para 4 
disubstituted 
A 7. 16 doublet 2 6 c ps 
B 6.93 broad multiplet 1 
C 8.76 doublet 3 6 cps 
OH 7.22 singlet 1 
----------· 
--------- --------- -- ---------------
~------ ~------- - - - - -
NO Br Ar 2.30 typical par a 4 2 disubstitute d 
A 6.80 doublet 2 7 cp s 
B 5.73 broad multiplet 1 
C 8.24 doublet 3 7 cps 
----------- --------- --------- -----------------
,_ ______ 
~------- ~------
CH30 OH Ar 3.08 typical para 4 disubstituted 
A 7.38 doublet 2 6 cps 
B 6.09 broad multiplet 1 
C 8.83 doublet 3 6 cps 
OH 8.20 singlet 1 
CH 30 6.28 singlet 3 
----------- ---------
---------
----------------
.,._ ______ 
~------- ------
c~o Br Ar 3. 12 typical para 4 
disubstituted 
A 7.00 multiplet 2 
B 5.83 broad multiplet 1 
C 8.37 doublet 3 7 cp s 
CH30 6.26 singlet 3 
----------·--------------------------------------------------------
a 
b 
C 
d 
All spectra were determined in deuter o chloroform solution. 
+ 
T values are accurate to - 0. 01 
+ J values a re accurate to - 0. 5 cps. 
The signal of the methylene adjacent to the aromatic ( A) was 
often a broad multiplet composed of 4-7 lines. The reason for this is 
considered to be due to restricted rotation about the -C H
2 
-C HX - bond so 
that the t\vo protons of the multiplet are not exactly identical. 
e The aromatic signals were slightly ove rlapped . However, it was 
possible to distinguish the differe n t characte r of the two aromatic signals. 
TAB L E X XXII 
a 
N. M. R. s p e ctral data· fo r the 1, 2-diphenyl ethyl system 
0 
Ar 
X 
-
OH 
CH X-C H 
2 
A B 
0 
Ar 
Br OCOCH
3 
( OAc) 
Compound Proton T va lue Description d Inte g - JAB 
X ration 
OH Ar 2.88 broad band 10 
A 5.32 triplet 1 7 cps 
B 7. 13 doublet 2 
OH 7.54 singlet 1 
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----------- ----------
-------- I- - - - - - - - - - -· - - - - - -------
-------------
Br Ar 2.83 broad band 10 
A 4.94 triplet 1 7.5 cps 
B 6.55 broa d multiplet 2 . 
----------- ----------
--------
----------------
-------
------------
OAc Ar 2.82 broad band 10 
A 4.05 triplet 1 7 cps 
B 6.90 broad multiplet 2 
OCOCH
3 8.02 
sing let 3 
a All spectra determined in d e ute ro chloroform soluti on . 
b T values accurate to"±" 0.01 
C 
+ J values accurate to - 0. 5 cps. 
d As in the l -phenyl-2-propyl sy s t e m ( TABLE XXX ) the methylene 
adjacent to the aromatic ring is not a simple dou b l et. 
TABLE XXXIII 
a N. M. R. spectral data £.or the trans-1-phenyl propene system 
y 
y - H 
Compound Proton 
y 
He Ar 
A } B 
C 
---------- ---------
C 
CH
3
0 Ar 
A } B 
C 
CH
3
0 
---------- ---------
d 
N0
2 
Ar 
A } B 
C 
0 CH=CH-CH 3 
Ar A B C 
T value Description 
2.78 broad multiplet 
3.50 - 2nd order 
4.02 multiplet 
8. 15 doublet 
~--------- -----------------
3.02 typical para 
disub stituted 
3.56 - 2nd order 
4. 18 multiplet 
8. 19 doublet 
6.30 singlet 
~--------- -----------------
2.24 typical para 
disubstituted 
3.57 narrow multiplet 
8.08 doublet 
b 
Integ- JBC 
ration 
5 
2 
3 6 cps 
--------
-----------
4 
2 
3 6 cps 
3 
--------
-----------
4 
2 
3 5 cps 
a All spectra were determined in deutero chloroform. T values are 
+ + 
accurate to - 0. 01 T. J values are accurate to - 0. 5 cps. 
b JAB could not be read directly from the spectrum as the combined 
signal of the A and B protons was 2nd order . 
c The signal from the A and B protons was a multilined 2nd order 
spectrum. 
d The signal from the A and B protons was a narrow multiplet 
from 3. 5 0 T - 3. 6 6 T. 
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C Analytical techniques 
1 Potentiometric titratio n s 
Chloride and bromide ions were estimated by potentiom e tric 
titration versus standardised silver nitrate solution, using a Cope n ha ge~ 
Radiometer ( Type PHM 26) equipped with silver and calomel ( mercury/ 
mercurous chloride) electrodes. The calomel electrode was not imme r sed 
directly into the titrated solution but connected to the solution by a salt 
bridge containing saturated potassium nitrate solution. Titration end 
points were characterised by sharp changes in electrode potential. 
Titration of bromide ion in the pr e sence of chloride ion \Vas possible 
1n the presence of 5 % barium nitrate solution, added to reduce co-
precipitation of the silver halides ( Ref. 88) . The mixed halide titration 
gave two end points, the first correspo n ding to the complete precipitation 
of the more insoluble silver bromide and the second corresponding to the 
total halide content of the solution sample. All halide titrations were 
carried out in acidic media to prevent interference from acetate 10n, 
cyanide 10n, or 2, 6-lutidine. 
Several organic bromides solvolysed rapidly in water or reacted 
rapidly with silver nitrate . In the presence of these molecules titrations 
were carried out in 5 0% ace tone-water solutions or the organic molecule 
was extracted into toluene, after which the water washings could easily 
b e titra ted with silver nitrate . 
The necessity and validity of the above titration procedures were 
confirmed by controlled blank experiments . Acdification and extraction 
procedures are described in more detail in the later sections devo ted 
to specific reactions. 
2 Acid-base titration s 
In all cases the titration of hydro g en ion or base was carrie d o u t 
in non-aqueous media . All titrations \Vere corrected for a small b lank 
indicator titration . The validity of all titr imetric analyses was v e r i f ie d 
by contro 1 ti tra tions with standard solutions of thes e io n s . 
,...., 
( a) For hydrogen ion: samples were poured into acetone and 
titrated versus sodium methoxide in methanol bene ath a N
2 
atmosphere, 
using thymol blue as an indicator . 
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( b) For cyanide and acetate ion: samples were poured into acetone 
and titrated versus 12.-tolue ne sulphonic acid in 80 % acetone - 20 % ethanol, 
using bromophenol blue as indicator. 
( c) For 12.-nitro thiophenoxide ion : this anion was estimated by 
titration versus 12.-toluene sulphonic acid in 80 % acetone - 20 % ethanol 
using thymol blue as an indicator. 
3 Analytical Vapour Phase Chromatography ( V. P. C.) 
G as Chroma to graphs . The V. P. C. identification and q uan ti ta ti ve 
analysis of substrates and products was carried out using -
( i) P erkin Elmer 881 Flame Ionisation Gas Chromatograph, connected 
to a Hitachi Perkin Elmer Recorder ( model 159). 
( ii) Perkin Elmer 900 Flame Ionisation Gas Chrorm tograph connected 
to a Hitachi Two-pen Recorder QPD 73. 
( iii) Perkin Elmer 880 Flame Ionisation Gas Chromatograph connected 
to a T. 0 . A. Electronic Ltd. Electronic Polyrecorder ( model EPR-2TB). 
Columns . Several different columns were used for the analyses. 
( a) As % UCON Polar 50-HB 200 on NAW Chromosorb W, 80/100 
me sh , 10 ft. long, 1/8" 0. D. with a nitrogen carrier gas flow of 
30 ml/min. This was used on the Perkin Elmer 880. 
( b) A 5% APIEZON L Column on NA W Chromosorb W, 80/1 00 
mesh, 10 ft . long, 1/8 11 0 . D. with a nitrogen carrier gas flow of 
30 ml/min. This was used on the Perkin Elmer 880 . 
( c) A 1. s % SE-30 Methyl Silicone Rubber Gum Liquid Phase on 
80-100 mesh Chromosorb W-A . W. -D. M. C. S. in a 6 ft. long, 1/4" O. D. 
glass column with a carrier gas flow of 30 ml/min . This was used on 
the Perkin Elmer 881 . 
( d) An 8% UCON oil, LB-550X Liquid Phase on 60-80 mesh, 
Chromosorb W - A. W . - D . M. C. S . in a 6 ft. long, 1/4 " 0. D . Glass 
colurnn with a carrier gas flow rate of 30 ml/min. This was used on the 
Per kin Elmer 881. 
( e) A lo .% APIEZON L Liquid Phase on 60-80 me sh Chromosorb 
W-N.A. W. in a 6 ft. long, 1/8" 0. D. stainless steel column with a 
carrier gas flow of 60 mls/ min . This was used on the Perkin Elmer 900. 
( f) A 5 _% SQUALANE Liquid Phase on 60-80 mesh Chromosorb 
W - A. W. - D . M . C. S. in a 20 ft. long, 1/8 11 0. D. stainless steel 
column with a carrier gas flow of 15 mls/1nin. This was used on the 
Perkin Elmer 900. 
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( g) A 15 _% 50 :50 ETHYLENE GLYCOL - SILVER NITRATE Liquid 
Phase on 30-60 mesh Chromosorb W - N.A . W . in a 12 ft. long, 1/4" 0. D. 
stainless steel column with a carrier gas flow of 15 mls/min. This was 
used on the Perkin Elmer 900. 
Techniques 
A large variety of compounds was studied and therefore a variety 
o f V. P. C. conditions was necessary . It was impossible to use the 
same sampling technique for each analysis . 
When a single compound was analysed quantitatively an internal 
standard was added to minimise errors in injection volume and variations 
in the sensitivity of the chromatograph. When two or more compounds 
we r e studied an internal standard was unnecessary as the ratio of one 
c ompound to the other is invariable on changing the above conditions. It 
i s generally advisable not to inject non - volatile material into the V. P. C., 
therefore reaction mixtures should have salts removed by extraction. 
However , the Perkin Elmer 900 injector block assembly can be adapted 
for direct injection of a reaction mixture . 
A ll the necessary controls were carried out on authentic samples 
o f products to ensure that the analysis was not in error due to isomerisation 
o r decomposition of the products, or losses due to gas leaks at joints. 
( i) A 5 ml infinity sample of reaction mixture was poured into 15 
mls of n-pentane, washed twice with water and rinsed into a 25 ml 
volumetric flash . 5 mls of a solution of internal standard was added and 
the volume made up to 25 mls . A one to four micro litre sample of this 
solution was then injected into the gas chromatograph. 
( ii) A 5 ml infinity sample of reaction mixture \Vas poured into 
15 mls of toluene, washed twice with water, rinsed into a 25 ml 
volumetric flask, and the level was made up to 25 ml. A 1-4 microl i tre 
sample of this solution was injected into the gas chromatograph. 
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( iii) ] -4 Microlitres of an infinity sample of a reaction mixture 
was injected directly into the Perkin Elmer 900. This was possible 
because of the use of a glass insert ( inside the injector block) which \Vas 
lightly packed with glass wool. Deposited salts and the glass wool were 
later removed from the glass insert . 
Generally techniques ( ii) and ( iii) were used when quantitatively 
analysing for highly volatile products. Technique ( i) was the method of 
choice for low volatility products. 
Peak areas of products were measured by tracing the peak onto 
tracing paper ( Arcus Tracing Paper No. 309) cutting the i::e ak from 
the sheet and weighing the peak. The same analytical technique would 
be used for a standard solution of the products and compared to the 
result from the reaction mixture to determine the accurate product analysis. 
TABLE XXXIV 
General conditions used for V. P. C. analysis of the various 
substrate systems 
System 
Phe nyl propane 
S tilbene 
Butane 
Methyl pentane 
Cyclohexyl 
Technique of Analysis 
( i) - pentane ext. 
( i) and ( iii) direct 
- toluene ext. 
( ii) and ( iii) 
( ii) and ( iii) 
( i) 
Column 
e - Apiezon L 
e 
f - squal ane 
f alone and f and g - silver 
nitrate - in series . 
a, b, c, d - Ucon, Apiezon L 
and SE-30 
' 
..... 
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TABLE XXXV 
Reactions studieq. quantitatively by V . P. C. analysis 
Compound Nucleophile Solvent Column Type 
( CH
3
)
2
CH CHOTosaCt\ NBu
4
Br b Acetone Squalane and s il ve r nitrate 
c 6H 5 CH=CH-C6H5 Equilibration DMF Apiezon L. 
b c 6 r--r CH CHBrC 6H NBu4 Br Acetone 
II 
5 2 5 
II NBu
4
0Ac DMF II 
II KOt-Bu t-BuOH II 
II NaOMe 80%DMS0- " 
MeOH 
c 6H 5 CH=CH-CH3 Equilibration DMSO 
II 
b c 6H -CHBrCH CH NBu4 Br Acetone 
II 
5 2 3 
II NBu
4
Cl DMF II 
II NBu
4
0Ac 11 II 
II KOtBu t-BuOH II 
Cb H 5 CH2 CHBrCH3 NBu4 Br 
b 
Acetone 11 
II KOtBu t-BuOH II 
4NO c6 H4 CHBrCH CH 
b 
II NBu
4
Br Acetone 2 2 3 
CH
3
CH= CHCH
3 Equilibration DMSO Squalane 
b CH
3 
CHBrCH
2 
CH
3 NBu4
Br Acetone II 
trans RBr a NBu
4
CN " Ucon 
Tos C 
" 
II or SE-30 NBu4
ArS Osr 
" 
II SE-30 
~r b II Ucon ClS NBu4 Cl 
" 0 T OS NaOEt Ethanol II 
<;tTos b II ClS NBu4 Cl Acetone 
s NBu
4
0Ac II Apiezon L 
a OTos repr esents :e_-toluene sulphonate 
b 2, 6-Lutidine added to react with HBr produced 
c ArS represents 4-nitro thio phenoxide . 
... 
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4 Preparative Gas Chromatography 
High purity trans stilbene ( > 99. 96%) was required for equilibration 
experiments . This was obtained by preparative V. P. C. using a Pye, 
Series 105, Autorm tic Preparative Chr omatograph installed with a 22 ft, 
3/8 11 O. D. glass column packed with 20 % SE-30 silicone methyl rubber 
gum on 60-80 mesh Chromosorb W-AW-DMCS at 210°C with a flov; rate 
of 60 mls/min. 
l - Phenyl - 1-propyl .!_-butyl ethe r was a possible product in the reaction 
of l -phenyl-1-bromo propane with potassium !_-butoxide in !_-butanol. A 
small sample of a V . P. C. peak as signed as the ether was collected from 
a Varian Aerog raph series 200 fitted w ith s % SE- 30 on 60- 8 0 me sh 
Chromosorb W-NA W packed in a 5 ft long, 1/4 11 0. D. stainless steel 
column . A sample of the liquid collec ted was submitted fo r a mass 
spectral determination of the structure. 
5 Mass Spectr ometry 
S tructural determination of one compound was carried out. This 
was l-phenyl-1-propyl t-butyl ether ( see previous section 4). The mass 
sr:ectrun was determined on an A. E . I. MS 902 Mass Spectrometer, using a 
heated inlet system . The spectrum was run at 70 ev and 12 ev. 
The sample was proven to be the ether and not the only other possible 
product , cis-1 - phenyl propene, by several features -
( a ) O ccurrence of a molecular ion ( small) rn/e = 168 
( b ) 11 11 M- 2 8 ion ( McLafferty loss of CH
2
= CH
2
) 
( c ) 11 11 M - 5 7 ion ( Loss of tBu· radical) 
( d ) The presence of major ions with m / e > 118 which 1s mass number 
o f 1-phenyl propene . 
D Determination of rate constants 
The kine tic methods described 1n the Results Section we re used 
r epeatedly . However, o nly one example of a typical run will be given for 
each type of kine tic analysis . 
,1 
Typical Run I 
The reaction o( 1-( 4-nitro phenyl) -1-bromo propa ne with 
0 NBu4 Br 1n the presence of 2, 6-lutidine, in acetone as solvent, at 75. 0 C. 
4 . 80 ml samples of 0. 0174 molar alkyl bromide, . 0987 
molar NBu4 Br and . 0505 molar 2, 6-lutidine in acetone were warmed at 
7 5 . 0°C for various times . The samples were cooled and quenched into 
3 0 mls acetone and titrated with sodium methoxide in methanol (. 0101 M) 
using thymol blue as an indicator. The titrant mixture was washed into 
30 mls of water , acidified with 5 mls of 2 molar nitric acid and titrated 
p otentiometrically with silver nitrate ( O. 01006 M) . 
Run Results - All units in mls AgN0
3 
. 01006 molar 
a = 8 . 30 b = 4 7. 9 5 
N o. Time m ls NaOMe mls AgNo
3 l og 
1 
a - X 
( RBrpres.) a - X 
1 Z er o . 31 47.9 5 8 .30 I.0810 
2 2 h rs 1. 4 6 4 9. 3 0 6 . 95 I . 15 81 
3 4 II 2 . 81 5 0 .5 3 5.7 2 I . 2425 
4 6 II 4.02 51 . 5 0 4 .75 T. 3 232 
5 8 II 5.77 5 2 ·. 33 3.92 1. 4067 
6 1 1 II 5.80 5 3. 15 3. 10 1 . 5087 I 
7 12 II 6.25 53.7 6 2. 4 9 1 . 6037 
8 0() 8 .69 5 6 .25 
. 45 1 See vs time = 
150 
Eqn 7 and figure 12 for log- which gives a slope -1 a-x llx60x60se c 
k E 
2.3 03 
slope vol . of sample - X X 
c oncentration o f titrant b 2 
2 .303 . 450 4.80 
4 7 . 95 x llx60x60 x . 01006 J/rrr:>1.e/ sec. 
2. 6 0 x 10 - 4 1/mole/ sec . 
F o r a repeat Run with freshly prepared solutions the result was 
2. 64 x 10 - 4 1/mole/sec. 
The amount of bromide ion produced by the solvolysis reaction 
aft er 12 hrs at 75°C in the presence of lutidine and NBu
4
c10
4 
was 0. 10 mls. 
This was representative of all the reactions in TABLE I. Except 
where stated, all solvolyses were found to be less than . 5 % after t\vo half 
l ives of the bimolecular reaction. 
' 
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Typical Run II 
The reaction of 1 - ( 4 - nitro phenyl)-1-bromo propane with 
0 t e t ra-n-butyl ammonium chloride in DMF solution at 25. 0 C. 
4 . 80 ml samples of 0 . 0212 molar alkyl bromide and 0 . 0425 
molar NBu4 Cl in DMF were warmed at 25. 0° C for various times and 
q uenched into toluene and water . The ions were extracted into the water 
and titrated with silver nitrate solution (. 00962 M) in the presence of 
b a r ium nitrate . 
R un Results - A 11 u nits in m l s AgN 0
3 
( . 0 1006 molar ) . 
a = 8 . 30 
mis Ag N 03 b = 4 7. 9 5 
No. T ime 1st end 2nd end Cl - R Br 
l og b-Fsx poin t p oint present present a - X 
1 0 s e cs . 10 20. 88 20.7 8 10 .00 . 31 7 7 
2 78 II .90 20.90 20.00 9 .2 0 . 3 373 
3 19 3 II 1.70 20.90 19.20 8. 4 0 • 3589 
4 313 II 2. 31 20.9 4 18.64 7.79 . 3 79 0 
5 433 II 2.90 20.9 5 18 .04 7.20 . 39 8 1 
6 553 II 3.47 20.9 5 17. 48 6.6 3 . 42 1 1 
7 733 II 4. 13 20.97 16.84 5 .97 . 45 04 
8 9000 II 10. 10 21. 12 
See E q n 8 and figu r e 13 for log b- Fsx vs time which gives a slope 
a-x 
k E-tS 
-2 
-
. 13 
-1 
750 se c 
2 . 3 0 3 
b- aF s X 
2.3 0 3 
10.7 8 
X 
s l ope vo lume of san11~le X 
c oncentration of titrant 
. 1 3 4.80 
7 5 0 X 0. 00962 
- 1. 8 5 X 10- 2 1/mole/ sec. 
No te : For this cal c ulation Fs was assumed t o be . 98-±" . 02 as derived 
from the titration figures . The later V . P. C. analysis showed the 
+ 
value t o be . 99 - . 0 05 . 
In all cases except where stated in TABLE VI solvolysis 
w as c hecked and found to be less than 5% in two half lives of the 
b im olecular reaction . 
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In TABLE XXXVI are the reactio n s for whi c h the general form 
in b, c, d was used 
TABLE XXXVI 
' General bimolecular reactions where the nucl e ophile a n d 
leaving group are not equivalent 
a Compound 
C6H CHBrCH CH 5 2 3 
4CH
3 
c6 H4 CHBrCH2 CH3 
4NO c6H CHBrCH CH3 2 4 2 
c6 H5 CHBrCI~ C 6 H 5 
CH
3
CHBrCH
2 
CH
3 
CH CHBrCH C 6 H 3 2 5 
c 6H 5 CHBrCH2 CH3 
c 6H CHBrCH c 6H 5 2 5 
II 
c 6H CHBrCH CH 5 2 3 
ClS 
ClS 
ClS 
ClS 
ClS 
ClS 
trans 
trans n-sr 
~Tos 
f, k 
. C Nucleoph1le 
II 
" 
II 
II 
II 
II 
KOt-Bu 
II 
NaOEt 
II 
II 
II 1 
Sol vent media g 
Dl\1F 
II 
r r 
II 
II 
II 
t-Butanol 
e 
II 
Ethanol 
II 
Acetone-lutidine 
( . 04) 
11 11 
(. 04) 
Acetone 
II 
II l 
II 1 
Temp. 
oc 
25 
II 
rr 
50 
25 
r r 
II 
0 
25&46 
75 
75 
50 
100 
100 
75 
50 
75 
75 
Fs 
I I 
II 
II 
II 
r r 
1 
1 
1 
1 
1 
1 
1 
1 
1 + Fe 
1 + Fe 
1 + Fd 
1 + F d 
.... 
-
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Footnotes TABLE XXXVI 
a Except where otherwise stated, concentration was 0. 02 molar . 
b Min equation 17 . 
c Except where otherwise stated, concentration was 0. 04 molar . 
d Determined by Mr . R. I. Tilley . 
e A significant a1nount of solvolysis was encountered. The 
bimolecular rate constant was corrected for this. 
f OTos is E_-toluene sulphonate. 
_g Figures in parenthesis represent the concentration of the reactants. 
h Concentration of compound was 0. 013 molar . 
1 OAc is acetate ion. Concentration of NBu
4
0Ac was 0. 03 molar. 
l. ArS is 4-nitro thiophenoxide. 
k Concentration of compound was 0. 01 molar . 
1 Control experiments were carried out to show that 3-bromo-
cyclohexene rapidly reacts with cyanide and 4-nitro thiophenoxide 
to give substitution product. 
Typical run III 
The solvolysis of 1-( 4-nitro phenyl)-1-bromo propane 1n so% 
0 
acetone-water at 75 C 
4. 16 ml samples of. 0228 molar alkyl bromide 1n so% acetone 
water were warmed at 75°C for various times, cooled and poured into 
30 mls of so% acetone and titrated with silver nitrate (. 01025 molar) . 
Run - all units in mls AgN0
3 
(. 01025). 
1 Number Time mls AgN0
3 RBr pres. log a-x 
1 Zero 
. 09 9.47 1.0236 
2 30 min. . 86 8.70 1.0594 
3 92 II 2. 15 7.41 1. 1302 
4 135 II 2.95 6.61 1.1799 
5 180 II 3.66 5.90 1 .2292 
6 225 II 4.24 5.32 1.2741 
7 270 II 4.87 4.69 1.3288 
8 00 9.56 
-1 
By plotting lo g vs time ( see fi gu re 14 ) a straight line 
a - X 
results with 
slope .225 - 1 - sec 200 X 60 
kl 
. 225 - 1 
= 2.303 X sec 200 X 60 
-5 -1 
4.32 x 10 sec 
A repeat run gave the result 
-5 -1 
4. 04 x 10 sec 
The solvolysis rates studied were accurate to"±" 5%. Other 
compounds for which solvolysis rates were determined are listed 
in TABLE XXXVII 
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Figure 14 Solvolysis of 1-(4-nitro phenyl)-1-bromo propane in 50% acetone water at 75°c 
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TABLE XXXVII 
Compounds and conditions for which solvolysis ra te s 
were determin ed 
Compound 
4NO c
6
H - C H CHBrCH 
2 4 2 3 
C 6 HS CH2 CHBrCH3 
CH
3 
CHBrCH
2 
CH
3 
CH
2
BrCH
2
CH
3 
c
6
H
5
CHBrCH
2
CH
3 
II 
c 6 f\ CHBrCH2 c 6 HS 
4CH3 c 6 f\ CHBrCH2 C~ 
c
6
H
5
CHC1CH
2
CH
3 
4CH3 oc6 H4 CHC1CH2 CH3 
II 
II 
II 
4CH C
6
H
4
CHBrCH CH 
3 2 3 
II 
II 
II 
c 6H CHBrCH CH 5 2 3 
Medium a 
so% acetone-water 
II II II 
II II II 
II II II 
II II II 
90% acetone -water 
II II II 
II II II 
II II II 
II II II 
Acetone-lutidine(. 06)NBu
4
Cl(. 08) 
II II (.03) II (.04) 
II II (. 03)NBu
4 
ClO 
4 
(. 04) 
II II (.06) II (.10) 
t-Butanol-lutidine (. 04) II ( . 0 5) 
II II (. 04) II 
II 
-Kot-Bu (. 04) 
-lutidine (. 04)NBu ClO (. 05) 
4 4 
II 
Footnotes TABLE XXXVII 
a Figures in parenthesis represent the concentration of the 
compoun d or salt in the medium. 
b Where two temperatures are reported this indicates that the 
rate was determined at both temperatures and an Arrhenius 
extrapolatio n of rate to other temperatures was carried out in 
order to directly compare results for different compounds. 
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b 
Temp 
II 
II 
100°c 
0 0 
0 and25c 
75°C 
II 
0 0 25 andSQ 
v 
100°c 
0°and25~ 
75°C 
II 
II 
II 
II 
II 
If 
II 
l 
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Typical Run IV 
The reaction of l-bro:no-1, 2-dipheny l ethan e w ith po tass ium 
.!_-butoxide at 46 . 3°C as determine d using the Gilfo~d U. V. spe ctrome ter . 
. 000128 molar alkyl brom ide and . 0358 molar po tassium-t-
butoxide in t-butanol was warm e d at 46. 3°C and the Gilford m a ch ine s e t 
to follow the change in optical density at 295 mµ with respect to time . 
A reference cell containing .!_-BuOH was used as the blank. 
Two controls carried out simultaneously were standard 
trans-stilbene and potassium-!_-butoxide in !_-butanol (which showed n o 
change) and . 000128 M alkyl bromide in t--butanol ( this showed no 
SO l VO l y Si S). 
Run at 295 mµ ooQD = 1. 82 
Time 
Zero 
10.lmin. 
20.2 II 
30.3 II 
40.4 II 
50.5 II 
60 .. 6 II 
70.7 II 
OJ). OD -OD log ( OD - OD ) 
00 t OQ t 
• 57 1. 25 • 0969 
. 83 .99 l.9956 
1.02 . 80 1.9031 
1. 20 . 62 1.7924 
1. 32 • 50 I.6990 
1. 42 .40 I.6021 
1.50 . 32 1.5051 
1. 5 6 .26 1.415) 
-k 2.303 log 
( ODOO -OD ) 
- t 1 
time 
Plotting log ( ODOQ -OD) ( see figure 15) vs time a straight 
t 
line results with 
slope 
-k 
1 
kl 
2.303 
2. 303 x slope 
2.303 -.1 95 
X 
1 20 X 60 
3.74x 10- 4 
k-1 
[ tBuO-] 
.000 374 
. 0358 
- 1 . 0 5 x 1 0 - 2 1/ mole/ sec . 
l 
because -
( 1 ) 
( 2) 
A repeat reaction following 309 mµ gave the rebult 
k = 1 . 15 x 10-z 1/mole/sec. 2 
Therefore the result obtained is accurate to within"±' 5 %. 
This was the only reaction followed by U . V . spectroscopy 
O ther solvents interfered with absorptions. 
Reacti ons were generally so slow that they would need to 
b e determined at l00°C which is far too high a temperature 
fo r the U. V . spectrometer . 
Abs o rptions of reactants and other products overlapped 
g r eatly with the desired product olefin . 
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